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In Arabidopsis, the floral transition is a critical developmental phase to ensure the 
reproductive success. It is precisely controlled by multiple flowering pathways which 
perceive signals from both internal and external environments. These pathways 
function collaboratively to regulate several important floral pathway integrators. 
FLOWERING LOCUS T (FT) is known as one of the major floral pathway integrators 
at which the photoperiod, thermosensary and vernalization pathways converge. As 
part of the florigen, FT mRNA is transcribed in leaves while its protein moves from 
the phloem to the shoot apical meristem (SAM) where FT functions as a 
transcriptional regulator through its interaction with another transcription factor 
FLOWERING LOCUS D (Abe et al., 2005; Jaeger and Wigge, 2007; Mathieu et al., 
2007; Wigge et al., 2005). Although the upstream and downstream genes of FT have 
been thoroughly studied, the mechanisms of FT transport are still poorly understood. 
It has been reported recently that FT INTERACTING PROTEIN 1 (FTIP1) is 
essential in mediating FT transport from companion cells to sieve elements (Liu et al., 
2012). However, FTIP1 could not be the only regulator of FT transport based on the 
phenotypic analysis. Therefore, we have extended our study to one of the FTIP1 
homologs, FTIP7. 
The main objective of this project was to study the function of FTIP7 in controlling 
flowering time during the floral transition. We have found that further loss of FTIP7 is 
able to enhance the late flowering phenotype of ftip1-1, suggesting the redundant 
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function of the FTIP1 homologs. FTIP7 integrates flowering signals from both 
photoperiod and vernalization pathways, and regulates the expression of 
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 to control flowering. 
Several pieces of evidence, such as the interaction between FTIP7 and FT and their 
similar subcellular localization, suggest that FTIP7 may exert its function through 
regulating FT protein. Further studies on FT protein expression pattern in different 
genotypes have revealed that FT loading into the SAM from the top part of 
vasculature was affected by loss of function of FTIP7. Moreover, we also found that 
GROWTH REGULATING FACTOR 8 (GRF8), a member of the 14-3-3 family 
proteins, can enhance the interaction between FT and FTIP7. The subcellular 
distribution patterns of FT and FTIP7 are also affected by GRF8, indicating that it 
might be involved in the FTIP7-mediated FT transport into SAM. 
Taken together, our results suggest that FTIP7 regulates flowering time probably 
through mediating the short distance transport of FT from the top part of vasculature 














ABA RESPONSIVE ELEMENTS BINDING FACTOR 3 
ABA INSENSITIVE 5 
APETALA1 








ARABIDOPSIS RELATIVE OF CENTRORADIALIS 
BRI1 EMS SUPPRESSOR 1 
BRASSINAZOLE RESISTANT 1 
BROTHER OF FT 








CYCLING DOF FACTOR 1 
CURLY LEAF 
CONSTANS 
CONSTITUTIVE PHOTOMORPHOGENESIS 1 
CRYPTOCHROME 1 
DICER LIKE 3 
EARLY BOLTING IN SHORT DAYS 
FIE 
FKF1 
FERTILIZATION INDEPENDENT ENDOSPERM 




FLOWERING LOCUS C 
FLOWERING LOCUS D 




FLOWERING LOCUS T 










FT INTERACTING PROTEIN 7 
GIGANTEA 
GIBBERELLIC INSENSITIVE DWARF 1 
GATA, NITRATE-INDUCILE, CARBONMETABOLISM 
INVOLVED 
GNC-LIKE 
HEAT SHOCK PROTEIN 70 

















MOTHER OF FT AND TFL1 
MYB DOMAIN PROTEIN 33 
MYB DOMAIN PROTEIN 65 




RELATIVE OF EARLY FLOWERING 6 
REPRESSION OF SHOOT GROWTH 
SEPALLATA 3 
SINGLE FLOWER TRUSS 





SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 
SUPPRESSOR OF PHYA 
SHOOT MERISTEMLESS 










FERMINAL FLOWER 1 




























Chemicals and reagents 
Basta the herbicide glufosinate 
BSA bovine serum albumin 
DEPC diethylpyrocarbonate 
DMF dimethylformamide 
dNTP deoxynucleoside triphosphate 
EDTA ethylenediaminetetraacetic acid 
GA gibberellin 
GUS β-glucuronidase 
HCl hydrochloric acid 
H2SO4 sulfuric acid 
IPTG isopropyl-beta-D-thiogalactopyranoside 
KCl potassium chloride 
K2HPO4 dipotassium phosphate 
KH2PO4 potassium phosphate (dibasic)were 
LB Luria-Bertani medium 
LiCl lithium chloride 
MgCl2 magnesium chloride 
MS Murashige and Skoog medium 
NaCl sodium chloride 
Na2HPO4 disodium phosphate 
NaH2PO4 sodium phosphate (dibasic) 
PEG polyethylene glycol 
PMSF phenylmethylsulfonyl fluoride 
SDS sodium dodecyl sulfate 






















































°C degree Celsius 
OD600nm optical density at wavelength 600nm 
rpm revolutions per minute 
s second(s) 
U unit(s) 
v/v volume per volume 














cauliflower mosaic virus 
Cabbage leaf curl virus 
cDNA 
BLAST 
complementary deoxyribonucleic acid 





mRNA messenger ribonucleic acid 
PCR polymerase chain reaction 
pH potential of hydrogen 
qRT-PCR quantitative real-time PCR 
SAM 
TMV 
shoot apical meristem 
Tobacco mosaic virus 
UTR untranslated region 









List of Tables 
Table 1 List of primers for genotyping. 56 
Table 2 List of primers used for real-time PCR. 66 
Table 3 List of primers used for probe preparation. 70 














List of Figures 
Figure 1 The floral transition is determined by multiple flowering 
pathways. 
18 
Figure 2 The functional mechanism of FT in flowering time control. 27 
Figure 3 14-3-3 proteins in rice, tomato and Arabidopsis. 39 
Figure 4 FTIP7 protein sequence shows high similarity with FTIP1. 89 
Figure 5 Loss of function of FTIP7 enhances the late flowering of ftip1-1. 91 
Figure 6 Complementation of ftip1-1 ftip7-1 by gFTIP. 92 
Figure 7 Overexpression of FTIP7 does not affect flowering time. 94 
Figure 8 FTIP7 is ubiquitously expressed in various organs examined. 96 
Figure 9 pFTIP7:GUS signals are detectable in young seedlings, 
inflorescences and siliques. 
97 
Figure 10 FTIP7 is expressed in the shoot apical region. 98 
Figure 11 FTIP7 expression increases significantly in the SAM during the 
floral transition. 
100 
Figure 12 FTIP7 is localized on the membrane and in the nucleus. 102 
Figure 13 GFP:FTIP7 is colocalized in plasmodesmata at the cell wall. 103 
Figure 14 GFP:FTIP7 signals in Arabidopsis transgenic plants. 104 
Figure 15 FTIP7 is well colocalized with FT. 105 
Figure 16 FTIP7 expression is induced upon day-length extension. 110 
Figure 17 FTIP7 exhibits obvious diurnal oscillation in a pattern similar to 
that of FT. 
111 
Figure 18 FTIP7 expression is not altered in the photoperiod pathway 
mutants. 
112 
Figure 19 FTIP7 expression is upregulated by vernalization treatment. 113 
Figure 20 FTIP7 expression is not altered in the autonomous pathway 
mutants. 
115 
Figure 21 FTIP7 is not involved in the GA pathway. 116 
Figure 22 FLC, AGL24, SOC1 and SVP do not affect FTIP7 expression. 117 
Figure 23 SOC1 acts downstream of FTIP7. 119 
Figure 24 The expression of CO and FT are not regulated by FTIP7. 120 
Figure 25 The N terminal region of FTIP7 interacts with FT and TSF. 122 
 xix 
Figure 26 FTIP7 expression gradually increases in the SAM during the floral 
transition. 
125 
Figure 27 FT expression gradually increases in the SAM during the floral 
transition. 
126 
Figure 28 FT transport into the SAM is affected by loss of function of 
FTIP7. 
128 
Figure 29 GRF8 interacts with FTIP7 and FT in yeast two-hybrid analysis. 130 
Figure 30 GRF8 interacts with FTIP7 in GST pull down assay. 131 
Figure 31 GRF8 enhances the interaction between FTIP7 and FT. 133 
Figure 32 GRF8 affects the protein distribution patterns of FTIP7 and FT. 135 
Figure 33 Phylogenetic tree showing FTIP7 homologs and SYTs in 
Arabidopsis. 
145 

















The floral transition from vegetative to reproductive development is a major phase 
change during the life cycle of flowering plants. This process depends on the 
perception of favorable environmental conditions and the integration of that 
information with endogenous developmental cues. To understand the underlying 
molecular mechanisms that control the floral transition, many studies have been 
done on the modal plant Arabidopsis, revealing an intricate genetic network that 
integrates both exogenous and endogenous signals. Studis on flowering time genes 
in Arabidopsis have also provided some hints on the understanding of their 
corresponding orthologs in other flowering plants, thus enabling the manipulation of 
flowering traits in economically important crops. 
Previous pharmacological and molecular analyses have so far identified several 
genetic pathways that tightly control flowering time in response to different types of 
signals (Amasino, 2005; Boss et al., 2004; Kobayashi and Weigel, 2007; Marquardt 
et al., 2006; Quesada et al., 2005; Turck et al., 2008a). The photoperiod pathway 
promotes flowering by monitoring the seasonal change in day length, while the 
vernalization pathway senses the prolonged exposure to cold temperature (Amasino, 
2005; Cerdan and Chory, 2003; Simpson and Dean, 2002). The autonomous pathway 
mediates flowering by perceiving signals of plant developmental status, while the 
gibberellic acid (GA) pathway plays a particular promotive role in flowering time 
control under non-inductive short day conditions (Marquardt et al., 2006). Besides, 
the thermosensory pathway affects flowering by mediating plant response to ambient 
temperature signaling (Blazquez et al., 2003; Samach and Wigge, 2005). These 
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genetic pathways work independently as well as cooperatively to determine the 
appropriate timing of the floral transition. All the signals from the multiple 
regulatory pathways are finally integrated at the transcriptional regulation of several 
floral pathway integrators, such as FLOWERING LOCUS T (FT), LEAFY (LFY) and 
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1(SOC1), which in turn 
activate floral meristem identity genes to initiate the formation of floral meristems. 
FT was first cloned independently by two labs using the T-DNA tagging approach 
(Kobayashi et al., 1999; Kardailsky et al., 1999). FT encodes a protein that belongs 
to the PEBP/RKIP (phosphatidylethanol-amine-binding protein/Raf kinase inhibitor 
protein) family and acts as a major output for both the photoperiod and vernalization 
pathways. It has long been known that some floral stimulus, named “florigen”, can 
travel long distances from leaves to the shoot apex to trigger flowering, but its nature 
has been unclear. Based on the spatial expression pattern and grafting experiment 
results, it has been found recently that FT protein acts as a long-range developmental 
signal, thus finally being suggested as part of the florigen. (Corbesier et al., 2007). 
FT protein interacts with a bZIP transcription factor, FD, in the SAM and acts as a 
complex cooperatively with LFY to activate the floral meristem identity gene 
APETALA 1 (AP1) to induce the floral transition(Turck et al., 2008a). 
Nevertheless, little is known about the mechanisms of how FT protein is transported 
through the phloem and loaded into the meristem and whether FT protein acts alone 
or it requires other partners to transport along with. In a recently published paper, a 
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yeast two-hybrid screening using FT as the bait has been conducted and a 
C2-domain containing protein named FT INTERACTING PROTEIN 1 (FTIP1) has 
been identified (Liu et al., 2012). This protein plays a crucial role in regulating 
flowering time by modulating FT transport. However, ft mutant shows much later 
flowering as compared to ftip1, suggesting that FT transport should involve other 
regulators, which may include FTIP1 homologs. In this study, we have particularly 
focused on such a homolog, FT INTERACTING PROTEIN 7 (FTIP7), and explored 









1.1 Floral transition 
As one of the most important phase changes during the whole life cycle of a plant, 
the floral transition refers to a short period in which the plant develops from 
vegetative growth to reproductive growth. It determines the appropriate timing to 
flower to ensure reproductive success in favorable conditions. 
During the floral transition process, a group of stem cells in the SAM are of central 
importance. These cells are undifferentiated, and serve as a population of progenitor 
cells for the aerial parts of the plant including leaves, stem and flowers. When the 
floral transition occurs, floral primordia initiate from the flanks of the SAM and 
further differentiate into various types of floral organs. 
The timing of the floral transition is determined by the integration of endogenous 
developmental competence of a plant and environmental cues such as photoperiod 
and temperature. Genes that promote or repress floral transition are regulated in 
these processes and comprise a complex network. Finally, the floral meristem 
identity genes are activated to control the formation of floral meristems on the flank 
of the SAM, after which the floral homeotic genes are activated to initiate pattern 





1.2 Flowering pathways 
1.2.1 The photoperiod pathway 
Over the years, the molecular and genetic analyses of epistasis have established the 
existence of multiple pathways that control flowering time in Arabidopsis 
(Alonso-Blanco et al., 1998; Koornneef et al., 1998b). One of these pathways is the 
photoperiod pathway, which integrates day length into the flowering decision 
through genes that sense and respond to the regular day-to-night transition. 
Mutants in the photoperiod pathway usually flower late in long days (LDs, 16 h light 
/ 8 h dark), but not in short days (SDs, 8 h dark / 16 h light). They were first found to 
be insensitive to inductive day length in 1962, and co mutant was one of them (Redei, 
1962). CONSTANS (CO) encodes a putative zinc finger transcription factor, and its 
temporal and spatial regulation turned out to be crucial to the photoperiod-dependent 
induction of flowering (Putterill et al., 1995). It is regulated at both transcriptional 
and translational levels. At the mRNA level, CO is regulated by the circadian clock. 
At the early part of the day, it is directly repressed by CYCLING DOF FACTOR 1 
(CDF1), which reaches its highest expression when CO transcript levels are at its 
lowest (Imaizumi et al., 2005). Such repression is later removed by the activities of 
GIGANTEA (GI) and FIAVIN-BINDING, KELCH REPEAT, F-BOX PROTEIN 1 
(FKF1), which are expressed late in the day (Nelson et al., 2000; Putterill et al., 
1995). FKF1 and GI can interact with each other and with CDF1, thus targeting 
CDF1 for degradation to finally activate transcription of the CO gene (Sawa et al., 
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2007). However, previous studies have also shown that reduction of CDF1 could not 
strongly increase CO mRNA levels, suggesting the existence of other CO repressors 
other than CDF1. At the protein level, CO stability is regulated by several 
photoreceptors, such as CRYPTOCHROME 1 (CRY1) and CRY2 that are blue-light 
receptors and PHYTOCHROME A (PHYA) that is a red/far-red receptor. These 
photoreceptors stabilize CO protein at the end of a LD photoperiod, while another 
red/far-red receptor, PHYTOCHROME B (PHYB), promotes the degradation of CO 
early in the day (Valverde et al., 2004). The CO protein is degraded through 
ubiquitination and proteolysis by the 26S proteasome, in which SUPPRESSOR OF 
PHYA-105 (SPA) family proteins and E3 ubiquitin ligase CONSTITUTIVE 
PHOTOMORPHOGENESIS 1 (COP1) also play an important role (Jang et al., 2008; 
Laubinger et al., 2006; Liu et al., 2008b). Finally, CO promotes flowering by 
activating its downstream targets including FT and SOC1. 
1.2.2 The vernalization pathway 
Besides light and photoperiod, temperature is another major environmental factor 
that contributing to the control of flowering time. Many plants require an extended 
period of cold temperature (vernalization) to induce flowering in the following 
spring, which also shows an adaptation to the winter conditions of colder climates. 
In the center of this vernalization pathway are two genes: FLOWREING LOCUS C 
(FLC), a MADS-box transcription factor that acts as a floral repressor, and FRIGIDA 
(FRI), a dominant gene that is required for high levels of FLC expression (Johanson 
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et al., 2000; Michaels and Amasino, 1999; Sheldon et al., 1999). It has been found in 
a microarray study that the major gene upregulated by the presence of FRI is FLC 
(http://www.weigelworld.org/resources/microarray/microarray). Besides, it is also 
found that FRI could affect the state of FLC chromatin (Doyle and Amasino, 2009; 
Jiang et al., 2009). 
The effect of vernalization on FLC could be separated into two processes: an initial 
repression of FLC during the cold and subsequent maintenance of such repression 
status after return to warm temperatures, although they are not clear-cut. A plant 
homeodomain (PHD) domain containing gene VERNALIZATION INSENSITIVE 3 
(VIN3) and its homolog VERNALIZATION 5 (VRN5)/VIN3-LIKE 1 (VEL1) have 
been found to exhibit their function primarily by blocking the initial repression of 
FLC during cold treatment. On the other hand, VRN1 and VRN2, which encode a 
DNA binding protein and a nuclear localized zinc finger protein respectively, are 
mainly responsible for the maintenance of FLC repression upon return to warm 
temperature (Greb et al., 2007; Sung and Amasino, 2004; Sung et al., 2006). Besides, 
VIN3 and VRN2 have been shown to participate in a Polycomb Repressor Complex 2 
(PRC2)-like complex with other chromatin remodeling proteins like CURLY LEAF 
(CLF), SWINGER (SWN), and FERTILIZATION INDEPENDENT ENDOSPERM 
(FIE), and this complex is responsible for trimethylation of lysine 27 of histone H3 
(H3K27me3), a typical sign of gene silencing (Wood et al., 2006). Thus, the 
repression of FLC by vernalization is mainly caused by the increased repressive 
histone modifications at the FLC locus. In addition to these genes, noncoding RNAs, 
 9 
such as the antisense FLC RNA (COOLAIR) and the sense strand of the first intron 
of FLC named COLD ASSISTED INTRONIC NONCODING RNA (COLDAIR), are 
also involved in the early response to cold treatment (Heo and Sung, 2011; 
Swiezewski et al., 2009). In summary, the vernalization pathway finally promotes 
flowering by repressing FLC expression through chromatin modifications at its 
locus. 
1.2.3 The autonomous pathway 
The autonomous pathway regulates flowering by integrating endogenous 
developmental signals that are independent of environmental cues, and mutants in 
this pathway show delayed flowering in both LDs and SDs. Such autonomous 
pathway genes include LUMINIDEPENDENS (LD), FCA, FY, FPA, FLOWERING 
LOCUS D (FLD), FVE, FLOWERING LOCUS K HOMOLOGY DOMAIN (FLK), 
and RELATIVE OF EARLY FLOWERING 6 (REF6) (Koornneef et al., 1998a; 
Simpson, 2004), all of which promote flowering indirectly by repressing the floral 
repressor FLC. 
The proteins encoded by genes in the autonomous pathway could be generally 
classified into two broad categories: one is involved in general chromatin remodeling 
and maintenance, and the other comprises of regulators that affect RNA metabolism. 
One example of the former is REF6, which encodes a protein containing jumonji 
domains and ZnF domains (Agger et al., 2008). The repression of REF6 on FLC 
accompanies histone modifications at the FLC locus, such as histone H4 
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hyper-acetylation and demethylation of H3K27me3 and H3K27me2 (Lu et al., 2011; 
Noh et al., 2004). FLD, which encodes a protein belonging to a class of histone 
deacetylase, has also been shown to regulate FLC by preventing hyperacetylation of 
the locus, thus acting as a repressor of FLC transcription (He et al., 2003). Another 
FLC repressor, FVE, encodes a putative retinoblastoma-associated protein and also 
acts through participating in a histone deacetylation complex (Ausin et al., 2004). 
Histone acetylation patterns at FLC are perturbed in fld and fve mutants (Kim et al., 
2004). 
In addition to chromatin modification, some genes in autonomous pathway exert 
their function by participating in RNA processing, such as FCA. FCA contains two 
RNA recognition motifs (RRM) and a WW domain, which are responsible for 
post-transcriptional RNA modification and protein-protein interaction respectively. It 
has been revealed that FCA mRNA is subject to alternative splicing, generating two 
different transcripts that have distinct expression patterns (Macknight et al., 1997). 
Its expression is auto-regulated through the use of different polyadenylation sites 
within the FCA pre-mRNA, and this process requires the interaction between FCA 
and an RNA 3’ end processing factor, FY. FCA/FY interaction is facilitated through 
the WW domain of FCA and two proline-rich (PPLPP) motifs in the C-terminus of 
FY, and this interaction also plays an important role in the down regulation of FLC 
(Simpson et al., 2003). In terms of flowering time, FCA is epistatic to FLD, and 
represses FLC expression by affecting unspliced sense FLC transcript, antisense 
FLC transcript, and H3K4 dimethylation in the central region of FLC. These 
 11 
functions are partially relevant to DICER LIKE 3 (DCL3) (Liu et al., 2007). FPA, a 
protein with three repeated RRMs, acts redundantly with FCA to control the 
expression of alternatively polyadenylated antisense RNAs at the FLC locus, as well 
as RNA-mediated chromatin silencing of FLC (Baurle et al., 2007; Hornyik et al., 
2010). 
FLK encodes a putative RNA binding protein with K homology motifs. flk shows 
late flowering, which is caused by the activation of FLC expression. However, this 
delayed flowering could be reversed by vernalization and application of exogenous 
gibberellins (Lim et al., 2004). LD, which encodes a protein containing two bipartite 
nuclear localization domains and a glutamate-rich region, is localized to the nucleus 
and regulate the LFY promoter (Aukerman et al., 1999). Besides, LD can also 
interact with SUPPRESSOR OF FRIGIDA 4 (SUF4) to prevent its action on the FLC 
locus (Kim et al., 2006). 
Since most of the proteins in the autonomous pathway function by regulating 
chromatin modifications or RNA processing, it is not surprising to find that their 
function is beyond FLC regulation and flowering time control. The combinations of 
many autonomous pathway mutants show severe pleiotropic phenotypes (Veley and 
Michaels, 2008). For example, fy fpa double mutant is lethal, and fca fpa double 
mutant is defective in female gametophytic and early embryonic development 
(Baurle et al., 2007; Henderson et al., 2005). 
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1.2.4 The gibberellin pathway 
As an important phytohormone, GA plays an important role in mediating the floral 
transition, especially under noninductive SDs. It has been found that loss of function 
of GA1, an ent-kaurene synthase required in the first committed step of GA 
biosynthesis, ga1-3 mutants never flower in SDs unless treat with exogenous GA 
(Ruth N. Wilson, 1992; Sun T, 1992). 
Bioactive GAs is first perceived by plants through a soluble receptor localized in 
cytoplasm and nucleus, GIBBERELLIC INSENSITIVE DWARF 1 (GID1). The 
gid1 triple mutants show late flowering in LDs, suggesting that GA may also 
contribute to promote flowering under LDs (Griffiths et al., 2006; Willige et al., 
2007). This result is further supported by the fact that the levels of FT mRNA 
increase significantly in ga1-3 mutants when seedlings are shifted from SD to LD 
with GA treatment, indicating that ga1-3 requires GA in addition to an inductive 
photoperiod to produce FT mRNA (Hisamatsu and King, 2008). Besides, wild-type 
plants treated with the GA-biosynthesis inhibitor paclobutrazol show late flowering 
in LDs (Hisamatsu and King, 2008). Thus, GAs promotes flowering in LDs by 
partially regulating the expression of FT. 
GID1 regulates GA signal transduction through interaction with DELLA proteins, 
which acts as repressors of plant development (Harberd et al., 2009; Sun, 2010). The 
interaction between GA-bound GID1 and the DELLA domain of the DELLA 
proteins in nucleus promotes subsequent poly-ubiquitination of DELLA protein via 
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the E3 ubiquitin ligase, leading to the degradation of DELLA protein through the 
26S proteasome pathway and further activation of floral induction (Dill et al., 2004; 
Fu et al., 2004; McGinnis et al., 2003; Murase et al., 2008; Nakajima et al., 2006; 
Willige et al., 2007). More recently, two GATA-like transcription factors, GNC 
(GATA, NITRATE-INDUCIBLE, CARBONMETABOLISM INVOLVED) and GNL 
(GNC-LIKE), have been shown to act in repressing flowering in a 
DELLA-dependent manner (Richter et al., 2010). 
Other important genes involved in GA pathway are LFY and SOC1. LFY activity is 
increased by application of GA in SDs (Blazquez et al., 1997; Miguel A. Blázquez, 
1998). A more detailed analysis of the LFY promoter identified a cis-regulatory 
sequence which mediates the LFY response to GA treatment (Blazquez and Weigel, 
2000) , and this sequence was later found to be the binding site of MYB DOMAIN 
PROTEIN 33 (MYB33), which together with its closest homologs, MYB65 and 
MYB101, are targets of miR159 (Gocal et al., 2001). SOC1 expression is barely 
detected in ga1-3 mutants in SDs, while exogenous application of GA leads to an 
increase in SOC1 expression. Furthermore, overexpression of SOC1 is able to rescue 
the flowering defects of ga1-3 in SDs, indicating that SOC1 plays an important role 
in mediating GA signal transduction during the floral initiation (Moon et al., 2003). 
Finally, the expression of AGAMOUS-LIKE 24 (AGL24), which could bind to the 
SOC1 promoter directly, and SHORT VEGETATIVE PHASE (SVP), a repressor of 
SOC1, are found to be increased and decreased respectively upon GA treatment (Li 
et al., 2008; Liu et al., 2008a). 
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1.2.5 The thermosensory pathway 
Apart from the classical flowering pathways described above, another new pathway 
was identified as the thermosensory pathway, which regulates flowering by sensing 
the variation in ambient temperature a plant experiences throughout its vegetative 
development (Samach and Wigge, 2005). 
Some of the genes in the autonomous pathway are involved in mediating the effects 
of ambient temperature, such as FCA and FVE. fca and fve mutants flower at the 
same time regardless of temperature. In contrast, mutations in FHA, which encodes a 
blue light receptor, result in exaggerated late flowering at 16°C compared to 23°C 
(Blazquez et al., 2003). Another regulator in the thermosensory pathway is SVP, 
which shows insensitivity to ambient temperature change. It acts downstream of 
FCA and FVE, and can directly bind to the promoters of FT and SOC1 (Hartmann et 
al., 2000; Lee et al., 2007; Li et al., 2008). 
Although several genes have been identified in regulating flowering in response to 
ambient temperature, the mechanism by which plants detect the differences in 
temperature has only recently been revealed in a microarray study. A gene named 
HEAT SHOCK PROTEIN 70 (HSP70) is highly correlated with gradual increase in 
temperature (Balasubramanian et al., 2006). In addition, another gene ACTIN 
RELATED PROTEIN 6 (ARP6) has also been identified as a regulator in mediating 
temperature-dependent flowering (Kumar and Wigge, 2010) As a component of 
SWR1 chromatin remodeling complex, ARP6 functions in introducing histone 
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H2A.Z into nucleosomes, thus maintaining FLC expression (Choi et al., 2005; Deal 
et al., 2005). 
1.2.6 Floral integrators 
As previously described, genetic and molecular analyses have identified numerous 
genes that function in different flowering pathways to regulate the induction of 
flowering. However, these flowering pathways do not function independently. 
Instead, they function cooperatively to form a complex genetic network to integrate 
both internal and external cues. In the end, the various signaling pathways converge 
on a relatively small number of common targets, which are referred to as “floral 
integrators”, including FLC, FT, SOC1 and LFY. 
FLC, which encodes a MADS-box transcription factor, acts as a strong floral 
repressor that integrating the photoperiod, vernalization and autonomous pathways. 
The expression of FLC is regulated through kinds of histone modifications 
introduced by its upstream regulators from different pathways. It is expressed both in 
leaves and SAMs. FLC in leaves negatively regulates FT expression, while in the 
SAMs, FLC can directly repress the expression of SOC1 and FD, thus preventing the 
induction of flowering (Searle et al., 2006). 
As a target of FLC, FT is directly repressed by FLC in the first intron region which 
contains a putative CArG box (Helliwell et al., 2006). Besides, it also functions as a 
main output of the photoperiod pathway downstream of CO (Suarez-Lopez et al., 
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2001; Yanovsky and Kay, 2002). A recently published paper has revealed that 
another photoperiod gene, GI, a positive regulator of CO, can also directly regulate 
FT expression by binding to its promoter regions that are near SVP binding sites 
(Kay and Sawa, 2011; Lee et al., 2007). Moreover, GA pathway has been shown to 
positively regulate FT expression in SDs, thus promoting flowering partly in an 
FT-dependent manner (Hisamatsu and King, 2008) 
Another target of FLC is SOC1, which also encodes a MADS-box containing protein. 
It is the converge point of the photoperiod, vernalization, autonomous and GA 
pathways. SOC1 is regulated by CO mainly through FT, while its expression is 
repressed by FLC through direct binding at its promoter region (Searle et al., 2006; 
Yoo et al., 2005). A previous study has revealed that GA treatment could activate the 
expression of SOC1 in ga1-3 under SDs, suggesting its involvement in the GA 
pathway in flowering time control (Moon et al., 2003). By interacting with AGL24, 
SOC1 is able to be translocated to the nucleus, where the SOC1/AGL24 heterodimer 
promotes the expression of LFY directly and AP1 indirectly to induce flowering (Lee 
et al., 2008). 
Although LFY was first recognized as a floral meristem identity gene, it also plays 
an important part in flowering time control (Weigel et al., 1992). Overexpression of 
LFY results in early flowering (Weigel and Nilsson, 1995). As described previously, 
LFY is also controlled by GA and is a direct target of SOC1 (Blazquez and Weigel, 
2000; Lee et al., 2008). Taken together, LFY is regulated by multiple input signals. 
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All the endogenous and environmental stimuli finally converge at these floral 
integrators that in turn activate the downstream genes, such as AP1 and LFY, which 
function in the specification of floral meristems at the flanks of SAMs (Figure 1). It 
is notable that some of the flowering time genes also play a role in floral meristem 
development and floral organ patterning. For example, SOC1, SVP and AGL24 have 
been shown to regulate the expression of class B and C homeotic genes through 
SEPALLATA (SEP3), and the repression of SEP3 by these flowering time genes is 








Figure 1. The floral transition is determined by multiple flowering pathways. 
Flowering signals from various genetic pathways in response to both endogenous 
and environmental cues finally converge at several floral integrators. FLC interacts 
with SVP, and directly repress the expression of FT and SOC1. FT functions as a 
main output of photoperiod pathway, and interacts with FD in the shoot apical 
meristem to positively regulate the expression of SOC1 and AP1. SOC1 and AGL24 
directly promote mutual transcription expression as well as form a protein complex 
to regulate LFY. Arrows indicate positive regulation of transcription, while T-lines 
represent negative regulation. Thick lines represent direct regulation, while fine lines 
represent indirect regulation. Two linked ellipses indicate the protein-protein 




1.3 FT and flowering 
1.3.1 Identification of FT 
Activation tagging is a random overexpression screen in which the viral 35S 
transcriptional enhancers are randomly inserted in the genome with T-DNA of 
Agrobacterium (Hayashi et al., 1992). FT was identified using this approach 
independently by two labs almost at the same time (Kardailsky et al., 1999; 
Kobayashi et al., 1999). It belongs to a family of membrane-associated proteins that 
include phophatidylethanolamine-binding protein (PEBP) (Banfield et al., 1998). 
Loss of FT function results in late flowering phenotype, while overexpression of FT 
results in extremely early flowering independent of day length. FT is down regulated 
in co mutants, and FT expression could be induced rapidly in dexamethasone (DEX) 
treated 35S:CO:GR co-2 transgenic plants, putting FT downstream of CO 
(Kobayashi et al., 1999). This is further supported by a microarray analysis 
comparing genes expressed in leaves of wild-type, co, and ft plants shifted from SDs 
to LDs, in which FT was identified as the only gene whose expression was higher 
under LDs than under SDs in wild-type plants but not in co mutants (Wigge et al., 
2005). 
1.3.2 FT and florigen 
As early as the discovery of photoperiodism in 1920, it has been found that plants can 
sense the relative length of day and night and determine when to switch to flower 
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(Garner and Allard, 1919). Later in 1934, Knott observed that spinach only flower 
when the leaves were put under LDs and the shoot tips were placed under SDs, but 
not vice versa. This finding indicates that a long-distance signal could move from the 
leaves where the day length is perceived to the shoot apex where the flowers are 
produced. Chailakhyan (1936) extended these observations and coined the term 
“florigen” (flower-former) for this floral stimulus. Grafting experiments between 
related species but of different photoperiodic response types show that the florigen is 
transmissible from an induced partner (donor) to a non-induced partner (receptor) and 
that it is exchangeable between different response types (Lang, 1965; Zeevaart, 1976). 
Therefore, it appears that florigen is universal in flowering plants, at least in closely 
related species. However, although numerous attempts had been made to extract 
florigen and find out its fundamental nature, its identity remained unknown for about 
70 years. Finally, rapid development of molecular genetics in recent years, together 
with the classical physiological approaches, provides a new perspective for the study 
of florigen. After so many years in searching for the candidate for florigen, it is 
eventually linked with FT. 
FT encodes a RAF-kinase-inhibitor-like protein, and it is rapidly upregulated upon the 
induction of CO, which encodes a nuclear zinc-finger protein (Kobayashi et al., 1999; 
Weigel et al., 1999; Yamaguchi et al., 2005). Both FT and CO are expressed in 
vascular tissues of young seedlings, although CO mRNA is also expressed in other 
cells of young leaves as well as in the shoot apex (An et al., 2004; Kotake et al., 2003). 
However, the spatial localization of CO protein has been shown to be restricted to the 
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phloem using CO:CO:GFP (An et al., 2004). This is consistent with the findings that 
ectopic expression of CO driven by SUCROSE TRANSPORTER 2 (SUC2) promoter, 
which is especially expressed in the phloem companion cells, is sufficient to induce 
flowering of a co-2 scion, while misexpression of CO in the SAM by KNAT1 fails to 
promote flowering (An et al., 2004; Turgeon and Ayre, 2004). In contrast, expression 
of FT either in the phloem or in the SAM causes early flowering, even in the absence 
of CO (An et al., 2004). To understand how FT signal is transduced to initiate floral 
transition, a yeast two-hybrid screen using FT as a bait and experiments searching for 
the suppressor lines of 35S:FT were conducted respectively, both leading to the 
identification of a bZIP transcription factor named FD (Abe et al., 2005; Wigge et al., 
2005). Thus, FT forms a complex with FD in the SAM to activate the downstream 
floral meristem identity genes like AP1 and LFY to promote the floral transition. The 
findings that FT transcription is regulated by photoperiod-activated CO in the phloem 
of the leaves and that FT protein interacts with FD in the shoot apex to exert the 
biological function of floral induction result in the emergence of two possible models. 
The first direct model proposes that FT encodes florigen, so that its product (either 
mRNA or protein) is able to transport from the source leaves to the shoot apex. The 
second indirect model proposes that FT activates a transmissible signal, which is 
produced in the leaf and then moves through the vasculature to the meristem to induce 
flowering. 
First, experiments were carried out to focus on FT mRNA. In 2005, Huang’s group 
first reported that FT mRNA could move from leaf to the shoot apex. By expressing 
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FT:GUS under the control of a heat shock-inducible promoter (Hsp), they claimed 
that FT transcript could be detected in the shoot apex after a single-leaf heat shock 
treatment. Unfortunately, this study was later retracted. Several later reports did not 
support that FT mRNA is mobile in the phloem. Grafting experiments using 
overexpression of SINGLE FLOWER TRUSS (SFT), the FT ortholog in tomato, 
excluded the possibility of FT mRNA movement. 35S:SFT shows early flowering, 
and it can induce flowering when grafted to an sft recipient shoot, indicating the 
movement of a floral signal across the graft junction. However, careful PCR analysis 
could not detect SFT mRNA in the recipient shoot (Lifschitz et al., 2006). The same 
result is observed in Arabidopsis that FT mRNA is strongly detected by in situ 
hybridization in the mature phloem but not in the SAM or protophloem (Corbesier et 
al., 2007). In rice, a GUS reporter line driven by the Hd3a (FT ortholog) promoter 
shows signals in the vascular bundles, but not in the shoot apex (Tamaki et al., 2007). 
Approaches utilizing artificial microRNAs (amiRNAs) under the control of 
tissue-specific promoters further demonstrate that FT mRNA is not required in the 
shoot apex (FD expression domain) as amir-FT driven by the FD promoter could not 
delay flowering (Mathieu et al., 2007). Taken together, all these results suggest it is 
not FT mRNA that functions as the phloem-mobile signal for floral initiation. 
On the contrary, several studies have proposed the movement of FT protein. When 
expressing FT:GFP fusion protein under the control of phloem-specific SUC2 
promoter, GFP signals could be detected in the phloem and in the shoot apex. It could 
rescue the late flowering phenotype of ft-7 as well, although not as effective as 
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SUC2:FT or FT:FT, suggesting that FT:GFP is functional in promoting flowering and 
that it is less mobile than the native FT protein (Corbesier et al., 2007). 
Immunocytochemistry using FT:MYC also expressed from the SUC2 promoter further 
shows that FT protein moves from the vasculature to the apex (Jaeger and Wigge, 
2007). In rice, similar results were obtained using Hd3a (FT ortholog) fused with 
GFP driven by RICE PHLOEM PROTEIN 16 (RPP16) promoter (Tamaki et al., 
2007). Finally in cucurbit, heterograft experiments and mass spectrometry of phloem 
sap proteins show that FT-like proteins move across the graft junction site, and this 
movement is correlated with flowering (Lin et al., 2007). Therefore, all the results 
suggest that FT protein can move over long distances through the phloem to the apex 
to induce flowering. 
However, another question arises as to whether such movement of FT protein is 
necessary for flowering. When FT:GFP is expressed in the SAM by the KNAT1 
promoter or in the major veins of phloem by the SUC2 promoter, it can complement 
the ft-7 late flowering. But when FT:GFP is expressed from the GAS1 promoter, 
which is specifically expressed in the minor veins of the leaves, it fails to rescue the 
flowering defects of ft-7, although it is able to upregulate the expression of 
downstream genes just like 35S:FT (Teper-Bamnolker and Samach, 2005). In contrast, 
GAS1:FT can fully complement ft-7. Taken together, these results suggest that 
FT:GFP is active in leaves of GAS1:FT:GFP plants, but its mobility in the minor 
veins is greatly impaired. Therefore, FT protein movement from the minor veins is 
required to promote flowering (Corbesier et al., 2007). This result is further supported 
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by other two independent experiments. When fused FT with three consecutive YFP 
proteins expressed ubiquitously from the CaMV 35S promoter, it can induce early 
flowering of wild-type plants, suggesting FT:3×YFP is biologically functional 
(Mathieu et al., 2007). However, when FT:3×YFP is expressed from the SUC2 
promoter, it can not induce early flowering, which may be caused by the large size of 
FT fusion protein that affected its ability to move. The interesting part is that the 
authors also introduced a viral peptidase recognition site into the fusion protein, so 
that free FT protein could be released from the fusion protein in the presence of the 
viral peptidase. Indeed, co-expression of the viral peptidase and FT:3×YFP from the 
SUC2 promoter induce early flowering of wild-type plants. This result shows that 
movement of free FT protein but not FT:3×YFP is required for flowering induction. 
Another group illustrated the same problem by using a fusion protein of FT and a 
nuclear localization signal (NLS) tagged with MYC (Jaeger and Wigge, 2007). 
Expression of this protein from the CaMV 35S promoter causes extreme early 
flowering of ft-10, whereas it does not affect the late flowering when driven by the 
SUC2 promoter. Because SUC2:MYC:FT can induce the early flowering of ft-10, the 
movement of FT protein becomes a vital factor of flowering induction. When 
examining the MYC:FT expression pattern, the signals could be detected beyond the 
vascular tissues in the meristem region in the early flowering SUC:MYC:FT ft-10 
plants but not in the SUC:MYC:NLS:FT ft-10 plants. Taken together, all the 
experiments utilizing different approaches provide convincing evidence that FT 
protein movement is required for the floral initiation and that there is no need for a 
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second messenger to act between FT activity in the leaf and flowering in the SAM. 
1.3.3 Functional mechanism of FT in flowering time control 
The functional mechanism of FT in flowering time control is summarized in Figure 
2. As previously described, FT is specifically expressed in vasculature tissues in 
leaves and regulated by upstream genes including CO, GI, FLC and SVP. Expression 
of CO in the vascular bundles could successfully activate FT mRNA production 
(Putterill et al., 1995). As a regulator of CO, GI promotes FT expression through 
activation of CO. However, GI can also directly regulate FT expression (Kay and 
Sawa, 2011). It has been reported that GI expressed in mesophyll or vascular tissues 
increases FT expression without upregulating CO expression under SDs. Further 
chromatin immunoprecipitation experiments shows that GI directly binds to the 
promoter region of FT (Kay and Sawa, 2011). Besides GI, SVP and FLC, two 
proteins able to interact with each other, have been found to regulate FT through 
binding to its promoter region and the first intron, respectively (Helliwell et al., 2006; 
Lee et al., 2007; Li et al., 2008). 
After being activated in the leaves, FT protein travels a long distance as a component 
of florigen through the vascular tissues to the SAM. In a screening for FT interaction 
partners, FD was identified, loss of whose function results in late flowering. FD is 
mainly expressed in the shoot apex, and its expression decreases soon after floral 
primordial start to express AP1 (Wigge et al., 2005). fd-1 can suppress the 
precocious flowering of 35S:FT, but has little effect on a similar phenotype of 
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soc1-101D and 35S:LFY, suggesting that it is required specifically for the promotion 
of flowering by FT (Abe et al., 2005). FD interacts with FT in the shoot apex, and 
then functions as a complex to activate downstream targets (Abe et al., 2005; Wigge 
et al., 2005) 
One target of FT/FD is AP1. Expression of AP1 is strongly delayed in fd mutants and 
abolished in either fd lfy or ft lfy double mutants, indicating that FT/FD acts 
redundantly with LFY to activate AP1 (Abe et al., 2005; Wigge et al., 2005). Before 
AP1 induction, SOC1 is detected much earlier in the SAM (Borner et al., 2000; 
Searle et al., 2006). Loss of function of FT or FD could greatly delay the induction 
of SOC1, indicating FT and FD are required for this earliest marker of floral 
induction in the meristem (Searle et al., 2006). FUL and SEP3 are also targets of 
FT/FD. In 35S:FT, FUL and SEP3 are ectopically expressed in leaves, which are 




Figure 2. The functional mechanism of FT in flowering time control. 
In leaves, FT transcription is positively regulated by GI and CO, which perceive 
signals from photoperiod pathway, and negatively regulated by a protein complex 
comprised of FLC and SVP, which responses to signals from vernalization pathway. 
FTIP1 interacts with FT specifically in the phloem, and modulates FT transport from 
the companion cells to sieve elements through plasmodesmata. FT protein travels a 
long distance through vascular tissues to the SAM, where it interacts with FD. The 
FD/FT complex subsequently activates the transcription of SOC1 and AP1, thus to 
induce flowering. CC, companion cells; SE, sieve elements; IM, inflorescence 
meristem; FM, floral meristem; boxes, mRNA; circles, proteins; black arrows, 
positive regulation; T-lines, negative regulation; red arrows, FT transport route. 
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1.3.4 FT functions beyond flowering time control 
Apart from its function in promoting floral transition, FT also plays an important 
role in regulating vegetative development and meristem specification. It has been 
reported that in 35S:FT plants grown under blue fluorescent LDs or SDs, the rosette 
leaves are reduced in size and show curling phenotype along the axis of the major 
leaf vein. Such abnormal leaf morphology is attributed to the ectopic accumulation 
of FT downstream targets including FUL and SEP3 in leaves. Loss of FD in 35S:FT 
could fully suppress the leaf curling and leaf size reduction, indicating the 
FT-dependent changes in morphology of leaves requires the function of FD 
(Teper-Bamnolker and Samach, 2005). 
In addition, the SAMs of ft-2 and fd-3 develop more coflorescence meristems 
subtended by cauline leaves than that of wild-type plants, indicating the involvement 
of FT/FD complex in the specification of floral meristems (Ruiz-Garcia et al., 1997). 
Further analysis found that ft-2 stm-10 and fd-3 stm-10 could produce significantly 
more cauline leaves before the SAM is converted into a terminal flower, suggesting 
that SHOOT MERISTEMLESS (STM) functions redundantly with FT/FD to specify 
flower meristems, maybe through the interaction with two related BELL1-like 
homeobox (BLH) genes PENNYWISE (PNY) and POUND-FOOLISH (PNF), which 
are required for floral evocation (Smith et al., 2011). 
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1.3.5 FT homologs in Arabidopsis 
In Arabidopsis, there are six members in FT-like gene family, all of which encode 
proteins containing a phosphatidylethanolamine binding domain (PEBP) that are 
proposed to act in signaling cascades via protein-protein interactions in animals 
(Chardon and Damerval, 2005). Besides FT, the PEBP family in Arabidopsis also 
comprises TWIN SISTER OF FT (TSF), TERMINAL FLOWER 1 (TFL1), BROTHER 
OF FT (BFT), ARABIDOPSIS THALIANA RELATIVE OF CENTRORADIALIS (ATC) 
and MOTHER OF FT AND TFL1 (MFT) (Bradley et al., 1997; Mimida et al., 2001; 
Yamaguchi et al., 2005; Yoo et al., 2004). 
As the closest homolog of FT, TSF shares up to 81.3% similarity in protein sequence 
with FT. However, their expression patterns are not the same. Despite the similar 
expression pattern in the phloem tissue, TSF is also expressed in the basal part of the 
apical meristem where FT is not expressed. tsf-1 single mutants do not show any 
defects in flowering time, but it can greatly enhance the late-flowering phenotype of 
ft-10, indicating its redundant role with FT in regulating floral induction. In terms of 
gene regulations, TSF shows a similar mode with FT. They have similar diurnal 
oscillation patterns in LDs and SDs and similar expression patterns when shifted 
from SDs to LDs. They can both be induced quickly after application of 
dexamethasone (Dex) and cycloheximide (Cyc) to the 35S:CO:GR transgenic plants. 
Finally, they both act downstream of FLC and EARLY BOLTING IN SHORT DAYS 
(EBS) (Yamaguchi et al., 2005). The spatial requirement of FT and TSF mRNA were 
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studied using an artificial microRNA targeting both genes (Mathieu et al., 2007). 
When expressed in the phloem, transgenic plants harboring amiR FT/TSF show 
delayed flowering just like ft tsf double mutants. However, when expressed in the 
apical meristem region, the flowering time is not affected, indicating that TSF 
mRNA is required in the companion cells of the phloem but not in the meristem. 
Taken together, TSF may regulate flowering time in a mechanism similar to that of 
FT, and its protein might also act as a component of florigen and travel from leaves 
to the apical meristem along with FT. 
In contrast to the function of FT in promoting flowering, TFL1 represses flowering. 
Loss of function of TFL1 results in early flowering independently of day length, and 
the single mutant also shows terminal flower, mimicking the phenotype of 35S:FT 
plants (Bradley et al., 1997; Kardailsky et al., 1999; Kobayashi et al., 1999). When 
TFL1 is overexpressed, the plants show a similar phenotype with ft mutants, 
including delayed flowering and prolonged inflorescence phase in which cauline 
leaves rather than flowers are produced (Ratcliffe et al., 1998). Several studies 
suggest that TFL1 and FT mediate signals for floral transition in part downstream of 
CO in an antagonistic manner (Kobayashi et al., 1999; Ratcliffe et al., 1998; 
Ruiz-Garcia et al., 1997; Simon et al., 1996). Although TFL1 mRNA is produced in 
the center of SAM, its protein could move around and spread into the entire 
meristem region (Conti and Bradley, 2007), indicating that it may act as a competitor 
of FT in the SAM to prevent the induction of floral meristem (Ahn et al., 2006). 
Interestingly, although TFL1 and FT only share about 59% identity, a single amino 
 31 
acid swapping is sufficient to convert TFL1 to FT function and vice versa (Hanzawa 
et al., 2005). 
The homologs most similar to TFL1 are BFT and ACT. In spite of late flowering, 
overexpressing BFT also leads to severe floral defects like floral indeterminacy and 
compact inflorescences surrounded by serrate leaves. Loss of function of BFT 
enhances the phenotype of tfl mutants. All the results suggest that although BFT 
sequence is more similar to FT sequence than to TFL1 sequence (Carmona et al., 
2007), BFT possesses the TFL1-like activity and functions redundantly with TFL1 in 
inflorescence meristem development (Yoo et al., 2010). Besides, BFT has been 
shown to modulate flowering initiation under high salinity condition (Ryu et al., 
2011). Constitutive expression of ATC is able to delay flowering just like 35S:TFL1 
and complement the tfl mutant phenotype. However, the loss of function mutant, 
atc-1, does not show any defects either in flowering time or flower development 
(Mimida et al., 2001). 
MFT is another representative gene in the FT-like family, which is homologous to 
both FT and TFL1. At the critical position that distinguishes FT and TFL1, MFT is 
different from both (Yoo et al., 2004). Overexpression of MFT moderately 
accelerates flowering, while null mutant mft-1 does not show any obvious phenotype 
under LDs. When combined with mutants of other members in the family like ft-1, 
atc-1 and tfl-1, mft-1 fails to enhance their phenotypes, indicating that MFT may not 
function redundantly with its homologous genes in determining flowering time. 
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To fully understand the mechanisms of these genes underlying which they contribute 
to the systemic signaling, it is necessary to study the expression patterns of each 
gene and generate different combinations of mutants between the members of this 
FT-like family. 
1.3.6 FT orthologs in other species 
Many FT orthologs have been identified in monocotyledonous and dicotyledonous 
species. Results from interspecific grafting experiments and FT transplanting into 
unrelated species reveal that the function of FT in promoting flowering seems to be 
remarkably conserved in various species. Grafting FT or its orthologs from certain 
donor species into Arabidopsis causes early flowering, and these donor species 
include Arabidopsis (Abe et al., 2005; Michaels et al., 2005; Yamaguchi et al., 2005), 
rice (Kojima et al., 2002), tomato (Lifschitz et al., 2006), Cucurbita maxima (Lin et 
al., 2007), Pharbitis nil (Hayama et al., 2007), Populus deltoids (Hsu et al., 2006), 
Vitis vinifera (Carmona et al., 2007; Sreekantan and Thomas, 2006) and Platanus 
acerifolia Willd (Zhang et al., 2011). In winter wheat and barley, the vernalization 
gene VRN3 is identified as an ortholog of FT, and plants transformed with FT/VRN3 
flower earlier compared to non-transgenic plants, showing that overexpression of FT 
can bypass vernalization (Yan et al., 2006). In sunflowers, the FT orthologs 
Helianthus annuus FT 1 (HaFT1) and HaFT4 have been found to play key roles 
during sunflower domestication (Blackman et al., 2010). In trifoliate orange 
(Imaizumi and Kay, 2006) and Populus spp. (Hayama and Coupland, 2003; 
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Imaizumi et al., 2005), overexpression of FT drastically shortens the juvenile phase. 
Taken together, all the results suggest that FT is a universal signal for flowering. 
However, the mechanisms regulating FT and its orthologs are different from species. 
In some species like barley and rice, FT mRNA expression is increased in response 
to exposure to photoperiods as in Arabidopsis (Hayama and Coupland, 2003; 
Suarez-Lopez et al., 2001; Turner et al., 2005; Yanovsky and Kay, 2002). In other 
species like the day neutral plant tomato, photoperiod could not induce the 
expression of FT (Lifschitz et al., 2006). 
In Arabidopsis, the activation of FT by CO occurs under inductive LDs (Putterill et 
al., 1995). In short day plant rice, the case is reversed: the transcription of FT 
ortholog Hd3a is activated in SDs and repressed in LDs (Kojima et al., 2002). 
Generally, Hd3a plays a role in rice similar to that of FT in Arabidopsis. Hd3a 
expression is higher in SDs than in LDs. Plants with overexpressed Hd3a transcripts 
show early flowering, while transformants with antisense Hd3a cDNA show 
decreased Hd3a mRNA levels and late flowering. Further expression analysis shows 
that Hd3a is upregulated under SDs and downregulated under LDs by HEADING 
DATE 1 (Hd1), which encodes the CO ortholog (Kojima et al., 2002). Because Hd1 
mRNA keeps at the same level under both SDs and LDs, a coincidence model was 
proposed to explain the opposite function of Hd1 under SDs and LDs conditions. 
According to this model, Hd1 mRNA expressions in the light period of LD and dark 
period of SD have different effects on Hd1 protein, resulting in different regulation 
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on Hd3a expression levels and final flowering phenotype (Yano et al., 2000). 
However, this model is not applicable to all the short day plants. In the case of 
Pharbitis nil, flowering is controlled by a circadian rhythm that induces PnFT 
expression only if the night is sufficiently long, suggesting that it may measure the 
day length in a different way from rice (Hayama et al., 2007). 
In perennial plant species, the situation is more complicated than that in the annual 
plants like Arabidopsis. It may take decades for trees to commit the first flowering. 
Even after reaching the reproductive phase, individual meristems of mature trees still 
can choose to produce either a vegetative shoot or a reproductive shoot. Thus, FT 
orghologs in perennial plants may have additional functions other than controlling 
flowering time. A previous study has revealed the identification of Populus 
trichocarpa FT (PtFT1) in aspen trees, and it is conserved in inducing early 
flowering in transgenic Arabidopsis and Populus (Böhlenius et al., 2006). PtFT1 
expression is gradually increased as the trees grow older, indicating that a critical 
level of PtFT1 is required to induce flowering. Besides flowering time control, 
PtFT1 is also involved in sensing shortened day length, which could induce 
cessation and bud set in Populus trees. Trees transformed with PtFT RNAi have been 
found to set vegetative buds more quickly compared to wild-type plants after shift to 
a shortened day length. This result is further supported by the analysis of the PtFT1 
expression in trees from different latitudes, which shows a clear peak in more 
southern provenances. Such difference is attributed to earlier expression of PtCO2, 
which regulates the expression of PtFT1, similar to the CO/FT mechanism in 
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Arabidopsis. Therefore, through modification of the timing of PtCO2 expression and 
consequent expression of PtFT1, Populus trees are able to adapt to different day 
lengths in different latitudes. Taken together, PtFT1 has dual function both in 
controlling the multiple-year delay in flowering time and in controlling critical day 
length induced growth cessation and bud set, which is very important to the 
adaptation to new geographical areas (Böhlenius et al., 2006). 
In London plane (Platanus acerifolia Willd), the gene encoding FT ortholog (PaFT) 
has been found to produce alternative splicing forms according to tissue type and 
developmental stage (Zhang et al., 2011). PaFT transcripts are ubiquitously 
expressed in adult trees, while they are only detected in the dormant buds of juvenile 
trees. Ectopic expression of one of the PaFT splicing forms PaFT-A in tobacco and 
Arabidopsis induces early flowering, as well as attenuates apical dominance and 
axillary bud burst. Therefore, by regulating the expression patterns of the different 
PaFT alternative splicing forms according to organ type and developmental stage, 
PaFT is able to participate in controlling a more general aspects of plant 
development (Zhang et al., 2011). 
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1.4 14-3-3 proteins 
1.4.1 Basic characteristics of 14-3-3 proteins 
14-3-3 proteins are a family of highly conserved, ubiquitously expressed acidic 
proteins of approximately 30 kDa found in all eukaryotic cells. Multiple isoforms 
have been identified in a variety of organisms. For example, yeast, Drosophils 
melanogaster and Caenorhabditis elegans have two isoforms, and human has seven 
isoforms (Wang and Shakes, 1996). In higher plants, more isoforms are identified. 
Arabidopsis has thirteen functional isoforms (DeLille et al., 2001; Rosenquist et al., 
2001; Rosenquist et al., 2000), rice has eight (Yuan Yao, 2007), and tobacco has 17 
potential isoforms (Konagaya et al., 2004). 14-3-3 proteins have been shown to play 
a more and more important role in the regulation of varieties of cellular processes 
including metabolism, signal transduction, protein trafficking, cell-cycle control, cell 
death, stress response, transcription and malignant transformation. 
Because 14-3-3 proteins have specific phophoserine/phosphothreonine-binding 
activity, they are capable of interacting with a wide range of cellular proteins in the 
form of homodimers or heterodimers (Chaudhri et al., 2003; Jones et al., 1995; Wu 
et al., 1997). Analyses of the 14-3-3 binding sites have identified two highly 
conserved phophorylation-dependent binding motifs in many 14-3-3 target proteins: 
RxxpS/TxP and RxxxpS/TxP, where pS/T represents a phosphorylated serine or 
threonine, and x represents any amino acid (Rittinger et al., 1999; Yaffe et al., 1997). 
However, phophorylation-dependent motifs that significantly different from these 
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two motifs and even phosphorylation-independent binding sites have also been 
described (Aitken, 2002; Henriksson et al., 2002; Masters et al., 1999; Petosa et al., 
1998; Zhai et al., 2001). 
1.4.2 Function of 14-3-3 proteins 
By interacting with other proteins, 14-3-3 proteins are able to regulate the function 
of their targets. The functional modes beneath the interaction of 14-3-3 proteins with 
their clients can be generally separated into four categories (Darling et al., 2005). 
First, 14-3-3 proteins can keep the target proteins away from proteases and 
phosphatases to increase their stability. For example, TFT7, one 14-3-3 protein in 
tomato, has been reported to interact with the C terminal region of MAPKKKα to 
increase its protein stability and accumulation, thus to enhance MAPKKKα 
-mediated programmed cell death (Oh et al., 2010). Second, 14-3-3 proteins can act 
as a platform to mediate the interaction of two different proteins at the right time and 
location. Recently, 14-3-3 proteins in rice (GF14b and GF14c) have been shown to 
bind to Hd3a in the cytoplasm, and then enter the nucleus as a complex, where they 
interact with OsFD1 to activates OsMADS15 transcription to induce flowering 
(Taoka et al., 2011). Third, 14-3-3 proteins can regulate the activities of target 
proteins by triggering conformational changes. Some 14-3-3 proteins are able to bind 
to multiple binding sites on the same client, resulting in conformational changes that 
expose other regions of the protein, and finally lead to alteration of the client’s 
biological effects (Yaffe, 2002). Last, 14-3-3 proteins can shuttle target proteins 
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between different organelles or locations in the cell. In Arabidopsis, 14-3-3 proteins 
have been shown to interact with phophorylated BRI1 KINASE INHIBITOR 1 
(BKI1) and enhance accumulation of BKI1 in the cytoplasm to release BRI1 EMS 
SUPPRESSOR 1 (BES1)/BRASSINAZOLE RESISTANT 1 (BZR1) function in 
activating BR-responsive gene expression (Wang et al., 2011). In rice, the case is 
similar. 14-3-3 proteins inhibit OsBZR1 function by preventing the protein from 
nuclear targeting (Bai et al., 2007). 
1.4.3 14-3-3 proteins in plants 
In plants, the number of identified putative 14-3-3 client proteins is more than 300, 
indicating their broad function in regulating plant growth and development 
(Alexander and Morris, 2006; Chang et al., 2009; Fuller et al., 2006; Oecking and 
Jaspert, 2009; Paul et al., 2009). Figure 3 lists identified 14-3-3 proteins in rice, 
tomato and Arabidopsis, which could be generally divided into two groups: a ε-like 
group and a non-ε group (Ferl, 2004). Current research suggests that 14-3-3 proteins 
are indispensable in regulating complex environmental signaling pathways and 
network, thus to appropriately respond to changing environmental conditions. In 
particular, 14-3-3 proteins are known to be involved in key physiological processes 





Figure 3. 14-3-3 proteins in rice, tomato and Arabidopsis. 
Alignments of 14-3-3 proteins from rice, tomato and Arabidopsis according to amino 
acid sequence using ClustalW program. Eight from rice (GF14s), twelve from 
tomato (TFTs) and thirteen from Arabidopsis (GRFs/14-3-3s) are used in this 
alignment. All the 14-3-3 proteins belong to either a ε-like group or a non-ε group. 
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1.4.3.1 14-3-3 proteins function in stress response 
14-3-3s have been known to play a role in both biotic and abiotic stress responses. 
Overexpression of Arabidopsis 14-3-3λ (also referred as GRF6) in cotton caused a 
“stay green” phenotype and improved water-stress tolerance. The transgenic plants 
show less wilting and higher photosynthesis rates response to draught stress 
compared to wild-type, which may result from increased opening of the stomata 
(Yan et al., 2004). The function of 14-3-3 genes in mediating drought stress has also 
been revealed in rice by expressing the maize ZmGF14-6 gene, which could strongly 
induce the expression of drought associated rice genes, thus to enhance tolerance to 
draught stress. Besides, ZmGF14-6 is upregulated by salt treatment and fungal 
infection in maize plants, indicating that it may be involved in biotic stress response 
(Campo et al., 2012). In cotton, the transcript levels of two 14-3-3 genes, Gh14-3-3b 
and Gh14-3-3c, are significantly upregulated by salt treatment, further supporting the 
involvement of 14-3-3 genes in responding to environmental stresses (Wei et al., 
2009). 
One mechanism by which 14-3-3s regulate environmental stress responses is through 
the regulation of ion channels. 14-3-3s have been reported to be involved in the 
regulation of an inward rectifier K
+
 channel, POTASSIUM CHANNEL IN 
ARABIDOPSIS THALIANA 1 (KAT1), to regulate the opening of stomata. Not 
only the activity of KAT1 channels, but also the number of channels present in the 
membrane, is under the control of 14-3-3s (Latz et al., 2007; Sottocornola et al., 
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2006; Sottocornola et al., 2008; van den Wijngaard et al., 2001; van den Wijngaard 
et al., 2005). Another ion channel regulated by 14-3-3s is mediated by H
+
-ATPase, 
which also play a role in regulating stomata opening by affecting potassium uptake 
into guard cells (Alsterfjord et al., 2004; Jahn et al., 1997; Roberts et al., 2002; 
Svennelid et al., 1999). 
In terms of biotic stress, 14-3-3s have been suggested to play a part in defense 
against pathogens. Reduced 14-3-3λ expression in Arabidopsis causes impaired 
resistance to powdery mildew fungus infection (Yang et al., 2009). TFT7 in tomato 
is able to interact with MAPKKKα to stabilize its activity in activating downstream 
MAPK cascades, which has been shown to be a key positive regulator of 
programmed cell death, thus to improve resistance to the pathogen P. syringae by 
preventing pathogen spread (del Pozo et al., 2004; Oh et al., 2010). 
1.4.3.2 14-3-3 proteins function in hormone signaling pathway 
Brassinosteroids (BR) is an important phytohormone involved in many plant 
developmental processes such as vascular differentiation, cell elongation, stress 
response and pollen tube growth (Clouse and Sasse, 1998). Recent studies in 
Arabidopsis and rice have revealed that 14-3-3s negatively regulate BR signaling by 
retaining the BZR1/BES1 transcription factors in the cytoplasm, thus preventing 
them from activating the downstream targets in BR signaling pathway. When the 
binding domains of BZR1/BES1 are mutated, they could not interact with 14-3-3s 
and are accumulated in the nucleus, thus resulting in a phenotype indicative of 
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constitutive BR signaling (Bai et al., 2007; Gampala et al., 2007; Ryu et al., 2010; 
Ryu et al., 2007; Ryu et al., 2008). 
ABA signaling pathway also involves the function of 14-3-3s. 14-3-3 transcription as 
well as protein levels are affected by ABA treatment in barley in diverse tissues and 
processes, although the level and time course may differ between 14-3-3 isoforms 
(Leonhardt et al., 2004; Schoonheim et al., 2007b; Testerink et al., 1999). Besides, 
14-3-3s act as adaptors between VIVIPAROUS 1 (VP1), a transcription co-activator 
in ABA response, and AREB/ABF/ABI5 family members, transcription factors able 
to bind to ABA-response elements (Himmelbach et al., 2003; Schultz et al., 1998). A 
mutation of ABA INSENSITIVE 5 (ABI5), which disrupts its interaction with 14-3-3s, 
reduces its ability to activate VP1 (Schoonheim et al., 2007a; Schoonheim et al., 
2007b). Furthermore, ABA treatment can promote the phosphorylation of ABA 
RESPONSIVE ELEMENTS BINDING FACTOR 3 (ABF3), which increases its 
stability and enhances its binding with 14-3-3s. Such effect is reduced by mutating 
the 14-3-3 binding sites in ABF3, suggesting that 14-3-3s may act through 
preventing ABF3 degradation by the proteasome (Sirichandra et al., 2010). 
The last hormone pathway affected by 14-3-3 is the GA pathway. In barley, some 
14-3-3 isoforms have been shown to be affected by GA treatment at transcription 
level, but not at protein level in embryos (Schoonheim et al., 2009). Increased GA 
level helps to phosphorylate REPRESSION OF SHOOT GROWTH (RSG), a 
transcription factor involved in GA biosynthesis. Subsequently, 14-3-3 proteins bind 
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to the phosphorylated RSG and anchor it in the cytoplasm where it could not activate 
the transcription of a GA biosynthetic enzyme (Igarashi et al., 2001; Ishida et al., 
2004). It is notable that 14-3-3s act as integrators of ABA and GA pathway, maybe 
through interaction with ABF transcription factors that are involved in both hormone 
signaling pathways (Schoonheim et al., 2009). Moreover, since hormones such as 
BR and GA play very important role in controlling flowering time, it is possible that 
14-3-3 proteins function in the regulation of flowering time through these hormone 
signaling pathways. 
1.4.3.3 14-3-3 proteins function in metabolism regulation 
Among the interacting clients of 14-3-3 proteins, there are a number of metabolic 
enzymes, such as nitrate reductase (NR), sucrose phosphate synthase (SPS) and 
starch synthesis (SS). It has been suggested that 14-3-3s are greatly involved in 
metabolic regulation, especially carbon and nitrogen metabolism. The most direct 
evidence comes from the overexpression and knockdown experiments in potato. 
Overexpression of 14-3-3s disturbs sugar, catecholamine and lipid content, while 
down regulation of 14-3-3s increases starch, nitrate and sucrose levels by enhancing 
the activity of NR, SPS and SS (Prescha et al., 2001; Świȩdrych et al., 2002; Zuk et 
al., 2005). In Arabidopsis, it is also observed that plants expressing antisense cDNA 
of GF14ε and GF14μ accumulate starch in leaves, which may be mediated by 
regulation of starch synthase Ⅲ family including DU1 (Sehnke et al., 2001). 
14-3-3s are able to regulate metabolic enzymes, while their activity per se could also 
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be affected by the metabolic status of the cell, making them play as “sensors” of the 
cells energy status (Huber et al., 2002). In addition, since 14-3-3s participate in sugar 
synthesis and sugar storage, nutrient uptake and metabolism, they may function as 
“global regulator” to coordinate the appropriate distribution of energy and nutrient 
within the cells (Comparot et al., 2003; Roberts, 2003). This is further supported by 
the evidence that in sugar-starved Arabidopsis cells, all 14-3-3 binding is lost and the 
target proteins are selectively cleaved into fragments (Cotelle et al., 2000). 
1.4.3.4 14-3-3 proteins function in flowering time control 
14-3-3 proteins play a functional role in flowering time control mainly by 
responding to photoperiod. The T-DNA insertion mutants of 14-3-3μ and 14-3-3ν in 
Arabidopsis show slightly late flowering under LDs. Yeast two-hybrid results further 
identified CO as an interacting partner of 14-3-3s, suggesting that 14-3-3 proteins 
participate in photoperiodic flowering control by interacting with CO (Mayfield et 
al., 2007). In rice, the situation is different. Plants overexpressing GF14c exhibit 
delayed flowering and loss-of-function mutants display an early flowering 
phenotype under SDs. Such repression function of GF14c in flowering may be 
mediated by Hd3a, since these two proteins interact with each other both in vitro and 
in vivo (Purwestri et al., 2009). This result is further supported by another study in 
which GF14c has been shown to be indispensable in mediating the interaction 
between Hd3a and OsFD1. It is 14-3-3 proteins that interact with Hd3a and transfer 
it from cytoplasm into nucleus, where the complex interacts with OsFD1 and finally 
 45 
activate the expression of OsMADS15 (Taoka et al., 2011). Similarly, the interactions 
between 14-3-3 proteins and FT orthologs have also been identified in other species. 
For example, in tomato, 14-3-3 family members are found in the SELF PRUNING 











1.5 C2 domain proteins 
1.5.1 General features of C2 domain proteins 
The C2 domain is a Ca
2+
-binding motif first identified in protein kinase C (PKC) that 
widely presented in eukaryotic cells (Coussens et al., 1986; Knopf et al., 1986; 
Parker et al., 1986). It interacts with phospholipids in a Ca
2+
-dependent manner, and 
therefore modulates a broad array of critical intracellular processes, including 
membrane trafficking, activation of enzymes, generation of lipid-second messengers, 
integration of protein interactions, and control of protein phosphorylation (Clark et 
al., 1991; Kaibuchi et al., 1989; Miyazaki et al., 1995). However, not all the proteins 
containing C2 domains are regulated by Ca
2+
, suggesting that C2 domains underwent 
functional diversification during evolution which may only keep the function of 
some C2 domains as a structural component (Fukuda et al., 1994). 
1.5.2 Synaptotagmin (Syt) proteins 
Synaptotagmin (Syt) family proteins are calcium sensors that function in membrane 
trafficking in mammalian cells. They are characterized by a transmembrane domain 
at the N terminus and two conserved C2 domains at the C terminus (Craxton, 2004). 
It has been reported that these C2 domains are essential for the interaction between 
SYTs and SNAREs (soluble NSF-attachment protein receptor), key components of 
the membrane fusion, thus to trigger Ca
2+
-dependent vesicle exocytosis (Lynch et al., 
2007). Among all the animal Syts, Syt1 is most comprehensively characterized 
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because it functions crucially in synaptic vesicle trafficking in the nervous systems 
(Geppert et al., 1994). Syt1 is anchored to the membrane of secretory vesicles via the 
transmembrane domain, while its two tandem C2 domains are able to detect calcium 
influx after activation of neuron cells and regulate the exocytosis of synaptic vesicles 
containing neuro-transmitters (Bai and Chapman, 2004). 
In Arabidopsis, the homologous Synaptotagmin 1 (SYT1) protein shares all domains 
characteristic of animal synaptotagmins, including an N terminal transmembrane 
domain and a cytoplasmic region containing two tandem C2 domains with 
phospholipid binding activities. SYT1 is preferentially located at the plasma 
membrane, and is required for the maintenance of membrane integrity and cell 
viability under high salt conditions, suggesting that it is an essential component of 
plasma membrane repair system in plants (Schapire et al., 2008). Further analysis 
using GFP-tagged SYT1 driven by native SYT1 promoter shows that it may be 
synthesized on rough ER and then delivered to the plasma membrane through the 
golgi. SYT1 proteins lacking the tandem C2 domains or bearing mutations in the 
calcium binding motifs of the C2 domain are found to localized to endomembranes, 
indicating a crucial role of the C2 domains in targeting SYT1 to the plasma 
membrane (Yamazaki et al., 2010). Besides, it also affects  calcium-dependent 
freezing tolerance, which results from membrane resealing after freezing induced 
damage (Yamazaki et al., 2008). Apart from its roles in abiotic stresses (salt and 
freeze), SYT1 also plays a role in biotic stress, such as virus infection and spread. It 
has been reported that knockdown of SYT1 delays the infection of Cabbage leaf curl 
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virus (CaLCuV) and inhibits the cell-to-cell spread of Tobacco mosaic virus (TMV) 
and CaLCuV movement proteins (Lewis and Lazarowitz, 2010). Taken together, 
SYT1 regulates endocytic recycling pathway, through which distinct virus 
movement proteins transport the virus genomes to plasmodesmata. 
In rice, a small C2 domain protein OsSMCP1 has been reported to mediate the 
response to abiotic and biotic stresses as well. Overexpression of OsSMCP1 in 
Arabidopsis confers increased tolerance to kinds of stresses including high salinity, 
somatic, dehydrative, and oxidative stresses. Besides, the rice line expressing 
OsSMCP1 shows improved resistance to Pseudomonas syringae (Yokotani et al., 
2009). However, it is not clear whether such response is mediated through a similar 
mechanism in Arabidopsis. 
1.5.3 FTIP1 
FTIP1 contains three C2 domains and one phophoribosyltransferase C terminal 
domain (PRT_C), making it topologically resembles SYTs identified in Arabidopsis 
(Liu et al., 2012). Loss of function of FTIP1 results in significant delayed flowering 
compared to wild-type, which is attributed to the impaired transport of FT. FTIP1 
interacts with FT specifically in the phloem, where it regulates FT protein movement 
from companion cells to sieve elements through plasmodesmata, thus affecting FT 
transport to the SAM, and finally regulates the timing of flowering induction. It is 
also the first regulator that has been reported to be required for florigen transport. 
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However, the regulation of FT transport from leaves to the SAM should involve 
other components in addition to FTIP1, since loss of function of FTIP1 could not 
exactly mimic the phenotype of ft-10 null mutants in terms of flowering time. Thus, 
homologs of FTIP1 become good candidates. FTIP1 has sixteen homologs in 
Arabidopsis in total, and it is interesting to examine the function of these homologs 











1.6 Objective of the study 
As an important flowering time regulator, FT integrates both internal and external 
signals from the photoperiod, vernalization, and thermosensory pathways. Previous 
molecular studies have established the genetic hierarchies to describe how FT 
exhibits its function in controlling flowering time. Generally, FT is regulated by 
activators (like CO and GI) and suppressors (like FLC/SVP complex) at the 
transcription level in leaves, then its protein moves through the phloem to the shoot 
apex to activate the floral meristem identity genes like AP1 and LFY, and finally to 
induce flowering. 
In the whole process, both upstream and downstream genes of FT have been 
thoroughly studied while little research has been done on the FT transportation. 
Actually, it is important to understand the mechanisms of FT transport in the phloem. 
Do any regulators or co-factors travel along with FT? What kind of elements could 
affect the efficiency of FT transport? How is FT unloaded from the phloem to the 
shoot apex? The answers to all these questions will have great influence on the final 
capacity of FT to activate the downstream targets. A recent paper has shown that 
FTIP1, an ER membrane protein interacting with FT specifically in the phloem, 
plays a crucial role in monitoring the transport of FT from companion cells into the 
sieve element, thus to affect floral induction (Liu et al., 2012). However, according 
to the phenotypic analysis, ft-10 flowers much later than ftip1-1, suggesting that 
FTIP1 is not the only regulator which functions in mediating FT transport. Thus, 
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FTIP1 homologs have become great candidates. 
In this study, we mainly focused on one such homolog named FTIP7. The objectives 
of the study were: 
1. To investigate the role of FTIP7 in flowering time control. 
2. To examine the biological function of the interaction between FTIP7 and FT. 
3. To study the mechanism of how FTIP7 affect FT. 
This work would shed some light on the understanding of the mechanism regulating 



















































2.1 Plant materials and growth condition 
Arabidopsis plants were grown under long-day conditions (16 h/8 h day/night cycles) 
or short-day conditions (8 h/16 h day/night cycles) at 22±2°C. For plants grown on 
soil, the seeds were sowed on a moist filter paper sealed in a plate and kept at 4°C 
for 3 days for stratification, and then they were transferred onto the soil and moved 
to the standard growth room. For plants grown on Murashige and Skoog (MS) plate, 
the seeds were first washed by sterile water until they were normally precipitated, 
followed by the 70% ethanol (v/v) and sterile water again (3 times). After that, the 
seeds were incubated in 10% Clorox for 20 min with shaking and then washed by 
sterile water again (3 times). After the surface sterilization, the seeds were sowed on 
the Petri dishes containing MS medium with or without antibiotics. The plates were 
sealed and incubated at 4°C for 3 days before being transferred to the tissue culture 
room. 
Arabidopsis thaliana ecotype Columbia (Col) and Landsberg erecta (Ler) were used 
in this study. The T-DNA insertion line ftip7-1 (Salk_145386) and ftip7-2 




2.2.1 Fast extraction of genomic DNA 
Appropriate plant tissues were collected and grounded with a micro-pestle in 200 µl 
DNA extraction buffer (0.2 M Tris-HCl, pH 9.5, 0.4 M LiCl, 25 mM EDTA and 1% 
SDS (w/v)). The homogenate was centrifuged at the maximum speed for 5 min, and 
the clear supernatant was transferred to a new 1.5 ml Eppendorf tube and mixed with 
the same volume of isopropanol to precipitate DNA. After centrifugation at the 
maximum speed for another 15 min, the supernatant was discarded and the pellet 
was washed with 70% ethanol. After a 2 min centrifugation, the supernatant was 
discarded and the DNA pellet was air-dried or dried by vacuuming to remove the 
residual ethanol. Finally, the DNA pellet was dissolved in 20 µl of sterile water or 1 
×TE buffer (10 mM Tris pH8.0, 1 mM EDTA, pH 8.0). It could be used immediately 
for PCR analysis or stored at -20°C. 
2.2.2 Genotyping PCR 
The genotyping PCR (Polymerase Chain Reaction) was performed by mixing 1 µl 
DNA template with 1 × PCR buffer, 0.2 mM dNTP mix, 10 pM of proper primers, 
0.5 U Pfu DNA Polymerase (Promega) and sterile water. The mixture was denatured 
at 95°C for 3 min, followed by 35 cycles of fragment synthesis processes including 
denaturation at 95°C for 30 sec, annealing at 52-60°C according to the melting 
temperature of the primers for 20 sec, and extension at 72°C for 30 sec-2 min 
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depending on the final product size. The mixture was finally extended at 72°C for 
another 3 min. The PCR products were digested by specific restriction enzymes or 
separated by agarose gel electrophoresis and visualized by ethidium bromide (EtBr) 
staining. 
 
For the T-DNA insertion lines, genotyping primers would be designed using the 
online T-DNA primer design tool (http://signal.salk.edu/tdnaprimers.2.html). The 
primers were designed with one specific to vector backbone and the other to the 
inserted gene, as listed in Table 4. The desired PCR product should be amplified to 













Table 1. List of primers for genotyping. 
Mutant Primers Sequences 
ftip7-1 P1 5’-AGAGTGACCGAGGAGAGAAGC-3’ 
LB1.3 5’-ATTTTGCCGATTTCGGAAC-3’ 
P3 5’-GAATCAGATGAGAGCGACGAG-3’ 













2.3 Plasmid construction 
2.3.1 Amplification of target DNA fragment 
The target DNA fragment was amplified using similar PCR protocol with proper 
adjustment as described in section 2.2.2. After confirmation that the desired fragment 
was amplified successfully with the right size by agarose gel electrophoresis, the 
PCR product was purified using Gel/PCR DNA fragments extraction kit 
(FAVORGEN). For PCR purification, the products were mixed with 5 volume of 
FADF buffer thoroughly and then transferred to a FAPD column where the DNA was 
bound to the central membrane. After centrifugation, the column was washed by 600 
µl wash buffer. Finally, it was eluted in 20 µl sterile water. For gel purification, the 
amplified fragment bands were cut off from the agarose gel after electrophoresis, and 
then dissolved in proper volume of FADF buffer (300 µl FADF buffer for 100 mg 
gel) by incubating at 55°C for 10-15 min. After complete dissolve of the gel, the 
mixture was transferred into a FAPD column and then was purified in the same way 
described for the PCR purification. The concentration was measured by Nanodrop. 
2.3.2 Digestion and ligation 
The obtained PCR fragments were digested with specific restriction enzymes by 
adding appropriate 1 × buffer of restriction enzymes, 1µl of restriction enzymes, and 
sterile water to top up to the final volume. After incubation at 37°C for at least 1 hour, 
the mixture was purified using PCR purification mini kit as described before. The 
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digested DNA fragments were then ligated to the vectors which were digested by the 
same restriction enzymes overnight at a ratio of 3:1 by mixing with 1 µl of T4 ligase 
buffer and 1 µl of T4 ligase (Fermentas). The ligation mixture was then incubated at 
room temperature for 1 hour or at 16°C overnight, and transformed into Escherichia 
coli (E. coli) XL1-blue strain competent cells. 
2.3.3 Heat shock transformation 
The XL1-blue strain of E. coli was used in this study. The competent cell preparation 
was described in a previous publication (Inoue et al., 1990). The ligation mixture or 
plasmid was added to the thawed competent cells, and incubated on ice for at least 
15 min. Then, the cells were placed in a 42°C heat block for about 1 min. After 
another incubation on ice for 1-2 min, the cells were mixed with 1 ml of LB liquid 
medium and incubated in a 37°C shaker for 1 hour. The culture was then centrifuged 
at 5000 rpm for 3 min and spread on LB agar plate supplemented with appropriate 
concentration of different antibiotics depending on the resistance of the vectors. The 
plate was incubated in a 37°C oven for at least 15 hours. 
2.3.4 Colony PCR to verify constructs 
Single colonies were selected and dissolved in 5 µl sterile water while 1 µl of it was 
used as template to run PCR programs as described in section 2.2.2. Two proper 
primers were used with one specific to the vector backbone and the other specific to 
the inserted DNA fragment. Only those colonies that produce PCR bands with 
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expected size were selected to be cultured in 3 ml LB medium supplemented with 
appropriate antibiotics at 37°C overnight. 
2.3.5 Plasmid DNA extraction 
The plasmid was extracted using FavorPrep
TM
 Plasmid Extraction Mini Kit 
(FAVORGEN) according to the manufacturer’s instructions. 1 ml of the grown cell 
culture was transferred to a 1.5 ml Eppendorf tube and centrifuged at high speed for 
1 min to precipitate the cells. After discarding the supernatant, 200 µl of FAPD1 
buffer was added to resuspend the cell pellet and 200 µl of FAPD2 buffer was added 
to lyse the cells. The tubes were inverted up and down for several times until the 
solution became clear, and kept at room temperature for about 2 min for complete 
lysis. Then, 300 µl of FAPD3 buffer was added to precipitate the plasmid. After 
centrifugation at high speed for 4 min, the supernatant was transferred to a FAPD 
column. The columns then were washed sequentially by W1 and washing buffer and 
dried by centrifuging at high speed for 3 min. Finally, the plasmid was eluted by 
adding 40 µl of sterile water. After concentration measurement on Nanodrop, the 
plasmid was stored at -20°C. 
2.3.6 DNA sequencing and analysis 
The sequencing reaction was a PCR-based method. The reaction mixture is 
comprised of about 100 ng of plasmid, 2.5 µl of 2 × Big Dye, 2 pm of primer and 
appropriate volume of sterile water. The sequencing PCR was performed as follows: 
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25 cycles of denaturation at 96°C for 10 sec, annealing at 52°C for 5 sec and 
extension at 60°C for 1 min. Sequencing was carried out on an ABI PRISM
TM
 377 
DNA sequencer (Applied Biosystems). The obtained DNA sequence was analyzed 
using online BLAST tools on NCBI website (http://blast.ncbi.nlm.nih.gov/Blast.cgi) 
















2.4 Generation of transgenic plants 
2.4.1 Preparation of Agrobacterium tumefaciens competent cell 
The strain GV3101 was used. To prepare the competent cells, the stock 
Agrobacterium was first spread evenly on a LB plate supplemented with 20 mg/l 
gentamicin, 50 mg/l tetracycline and 50 mg/l rifampicin and incubated at 28°C 
overnight. One single colony was selected and incubated in 3 ml of LB medium with 
antibiotics at 28°C overnight with vigorous shaking. The cell culture was then 
transferred to 100 ml LB liquid medium plus antibiotics and shake vigorously at 
28°C when the optical density (OD600) reached 0.6. After being kept on ice for 20 
min, the bacteria culture was transferred to pre-chilled Falcon tubes and centrifuged 
at 3000 rpm for 10 min at 4°C. The pellet was washed by ice water for 3 times 
through resuspend and centrifugation at 4°C. The bacteria pellet was resuspended in 
8 ml 10% ice-cold glycerol after the final wash, and stored in aliquots of 100 µl at 
-80°C. 
2.4.2 Electroporation 
The stored Agrobacterium competent cell was thawed on ice before 1 µl of 
recombinant plasmid was added. The mixture was incubated on ice for 20 min and 
was then transferred to an ice-cold 0.1 cm electroporation cuvette. The competent 
cell-DNA mixture was electroporated using the BioRad Micropulser (Bio-Rad) at a 
voltage of 2.5 KV. The electroporated cells were immediately supplemented with 1 
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ml of LB medium and incubated at 28°C with continuous shaking for 4 hours for 
recovery. The cells were harvested by centrifugation at 5000 rpm for 3 min and 
spread on LB plate with appropriate antibiotics according to the resistance of the 
plasmids transformed. After 2 days of incubation at 28°C, colonies were verified by 
PCR amplification as described before. 
The verified single colony was grown in 3 ml LB liquid medium plus appropriate 
antibiotics at 28°C overnight. The cell culture could either be stored at -80°C with 
50% glycerol at a ratio of 1:1 or be used for floral dip. 
2.4.3 Floral dip 
The constructs were introduced into Arabidopsis plants via Agrobacterium-mediated 
floral dip. The transformed Agrobacteria were cultured in 50 ml LB broth with 
antibiotics at 28°C overnight until its OD600 reached 0.8-1.2. Then, the cultured cells 
were centrifuged at 3000 rpm for 15 min. After discarding the supernatant, the pellet 
was resuspended in the same volume of medium containing 5% sucrose and 0.015% 
Silwet L-77. The siliques were removed before the plants were transformed. The 
flower buds were dipped into the Agrobacteria mixture for about half a minute, to 
make sure every bud was sufficiently contacted with the culture. The plants were 
kept in dark overnight to improve the transformation efficiency, and then were 
moved to the normal growth condition on the next day. The plants could be 
transformed in the same way for a second time after the recovery of the plants one 
week later. 
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2.4.4 Screening of transgenic plants 
The transformed plants harboring pGreen vectors were selected by spraying 0.2% 
Basta solution twice at a one week interval. The survived T1 plants were then 




















2.5 Gene expression analysis 
2.5.1 RNA extraction 
Total RNA was extracted using the FavorPrep
TM
 Plant Total RNA Mini Kit 
(FAVORGEN) according to the manufacture’s instructions. The plant sample was 
ground into a fine powder under liquid nitrogen. 500 µl of FARB buffer 
supplemented with 1% β-mercaptoethanol was added to the sample and mixed 
thoroughly. The mixed sample was transferred to a Filter Column and centrifuged at 
top speed for 1 min. The clarified supernatant was transferred to a new Eppendorf 
tube. After added 0.5 volumes of 100% ethanol and vortex, the sample was 
transferred to a FARB Mini Column for binding. After centrifugation, the column 
was washed by 250 µl of Wash Buffer 1. To eliminate genomic DNA contamination, 
70 µl RNase-free DNase I solution (0.5 U/µl) was added to the membrane center of 
the Mini Column to digest DNA at room temperature for 15 min. Then, the column 
was washed again by 250 µl of Wash Buffer 1 and 700 µl of Wash Buffer 2 twice. 
The column was dried by centrifugation at top speed for 3 min. Finally, the RNA was 
eluted and dissolved in 40 µl RNase-free ddH2O and stored at -80°C or used for the 
subsequent reverse transcription. 
2.5.2 Reverse transcription 
The RNA was reverse transcribed with M-MLV transcriptase system (Promega). The 
RNA (about 2µg) was mixed with 0.5 µl of Oligo dT (10 pM) and ddH2O in a total 
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volume of 8.5 µl, and was kept at 70°C for 5 min. After incubation at 4°C for 
another 3 min, it was mixed with 2.5 µl of 5 × Transcription Buffer, 0.625 µl of 
dNTP, 0.375 µl of RNase Inhibitor and 0.5 µl of M-MLV Reverse Transcriptase and 
then was incubated at 42°C for 1 hour, followed by 70°C for 10 min. The transcribed 
cDNA was stored at -20°C or used for further analysis. 
2.5.3 Semi-quantitative PCR 
The gene expression level could be roughly detected by semi-quantitative PCR. The 
same amount of cDNA of WT and mutants were used in the common PCR system as 
described before. TUBLIN2 (TUB2) was used as an internal control. According to the 
different abundance of each gene, appropriate amplification cycles were set. Then, 
the PCR products were used for electrophoresis, and the expression level of genes 
against TUB2 was compared. 
2.5.4 Quantitative real-time PCR 
The gene expression could also be accurately measured by quantitative real-time 
PCR. 0.5 µl of cDNA was mixed with 1.8 of µl DNase-free water, 0.2 µl of primers 
and 2.5 µl of Maxima® SYBR Green/ROX qPCR Master Mix (Fermentas), making 
it a total volume of 5 µl. It was performed in duplicate on 7900HT Fast Real-Time 
PCR system (Applied Biosystems). The relative expression level against TUB2 was 
calculated as 2
-ΔCt
, in which ΔCt was defined as the difference between the cycle 
threshold (Ct) of the target gene and that of TUB2 (ΔCt = Cttarget gene-CtTUB2). 
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Table 2. List of primers used for real-time PCR. 


















2.6 Non-radioactive in situ hybridization 
To detect the RNA expression level within the shoot apical meristem region, in situ 
hybridization was performed. 
2.6.1 Tissue preparation 
The plant seedlings were collected and immersed in fresh fixative prepared by 
dissolving paraformaldehyde in heated 1 × PBS buffer (pH=11) to make it a final 
concentration of 4% (w/v), which was cooled down and adjusted to pH 7. The 
seedlings were infiltrated by applying vacuum for 1 hour. The fixative was replaced 
and the seedlings were incubated overnight at 4°C with gentle shaking. 
After fixation, the seedlings were dehydrated sequentially at 4°C on a shaker by 2 × 
30 min of 1 × PBS, 60 min of 30% ethanol, 60 min of 50% ethanol, 60 min of 70% 
ethanol, 60 min of 80% ethanol, 60 min of 90% ethanol, and finally 95% ethanol 
with eosin for overnight. 
After dehydration, the seedlings were stained and cleared at room temperature on a 
shaker by 2 × 30 min 100% ethanol with eosin and 2 × 60 min 100% ethanol with 
eosin. The ethanol was then replaced by histoclear by gradually increasing the ration 
of histoclear to ethanol from 1:3 to 1:1 to 3:1 to the final pure histoclear (each step 
was 1 hour). After another final wash of 100% histoclear for 1 hour, the seedlings 
were immersed in 100% histoclear with 1/4 volume of paraplast chips for overnight 
without shaking. 
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The seedlings were transferred to an incubator on the next day which was set at 42°C. 
Another 1/4 volume of paraplast chips were added until the previous paraplast was 
completely melted and the temperature was raised to 55°C. Subsequently, the 
mixture of histoclear and paraplast was removed and replaced with freshly melted 
paraplast for overnight. In the following three days, the paraplast was replaced by 
newly melted paraplast twice a day to make sure that the seedlings were sufficiently 
infiltrated by the paraplast. The well embedded seedlings were then transferred to a 
plastic container and solidified at room temperature. 
2.6.2 Sectioning 
The samples were sectioned at a thickness of 8 µm on a Leica RM2165 microtome. 
The tissue ribbons were arranged on ProbeOn Plus glass slides (Fisher 
Biotechnology) and floated by adding several drops of RNase-free water on the 
surface. The glass slides were placed on a slide warmer set at 42°C to evaporate the 
water and to allow the ribbons flatten out completely. Excessive water was removed 
and the slides were kept at 42°C overnight to assure thorough drying and tight 
adherence of the samples on the slides. 
2.6.3 Preparation of RNA Probes 
Fragments that were unique to the genes were amplified using specific primers 
(Table 3). The PCR products were purified and cloned into pGEM-T Easy Vector 
(Promega). The resulting plasmid was digested using specific restriction enzymes at 
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37°C overnight to be linearized. The RNA probes were synthesized by setting up the 
reaction as follows: 2 µl of transcription buffer, 1 µl of 10 × DIG labeling Mix, 0.5 
µl of RNase inhibitor, 1 µl of RNA polymerase, 1 µg of linearized plasmid DNA and 
appropriate amount of RNase-free H2O to a total volume of 10 µl. After incubation 
at 37°C for 2 hours, 1 µl of RNase-free DNase-I was added to the reaction and kept 
at 37°C for another 30 min to digest the template DNA. Subsequently, the 
synthesized DIG-labeled probe was hydrolyzed into fragments at around 150 bp 
using carbonate hydrolysis: the above transcription reaction was filled up to 100 µl 
with DEPC treated H2O and added 100 µl of 2 × CO3
2-
 buffer was added and 
incubated at 60°C for the calculated time using the following formula: 
 
 
After hydrolysis, 5 µl of 10% acetic acid was added to neutralize the solution. The 
probe was precipitated with 1/10 volume of 3 M NaAc (pH 5.2), 2.5 volume of 
ethanol, and 2 µl of 10 mg/ml tRNA at -20°C overnight. After centrifugation at top 
speed for 20 min at 4°C, the RNA pellet was washed with 70% ethanol and finally 
resuspended in 40 µl of 50% formamide. The probe was stored at -80°C until use. 
Incubation time (min) =  
Initiation length of probe (kb) – 0.15 
0.11 × initial length of probe (kb) × 0.15 
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Table 3. List of primers used for probe preparation. 














2.6.4 Pretreatment of sections 
All the solutions used in this step are made RNase-free. Solutions, bottles, containers 
and pipette tips were autoclaved at 121°C for 1 hour before use. The rack and plastic 
containers used for hybridization were treated with 0.1 M sodium hydroxide 
overnight and rinsed with sterile water for several times.  
The slides were put into a glass slide holder and deparaffinised by washing with 
histoclear for 10 min twice. Then, rehydration of the sections was performed at room 
temperature by washing with ethanol at gradually decreased concentration for 1 min 
each step: from 100% to 95% to 90% to 80% to 60% to 30% and finally wash with 
sterile water. After rehydration, the slides were washed with 2 × SSC buffer (150 
mM NaCl, 15 mM Sodium Citrate, pH 7.0) at room temperature for 20 min followed 
by  proteinase K solution (1µg/ml in 100 mM Tris pH8, 50 mM EDTA) at 37°C for 
another 30 min. The following steps were carried out at room temperature. The 
slides were washed with 2 mg/ml glycine in 1 × PBS buffer to quench the residual 
proteinase K and then washed with 1 × PBS buffer twice for 2 min. Subsequently, 
the slides were fixed in freshly made 4% (w/v) paraformaldehyde in 1 × PBS buffer 
(pH 7.0) for 10 min and then washed by 1 × PBS buffer twice for 5 min. The slides 
were next washed with 0.1 M triethanolamine solution (made fresh by adding 2.68 
ml of Triethanolamine into 200 ml RNase-free water containing 0.8 ml of 37% HCl 
and 1 ml of acetic anhydride, mix vigorously) for 10 min followed by 1 × PBS buffer 
for 5 min twice. Finally, dehydration was carried out by washing the slides for: 30 
sec at each step as follows: 30% ethanol, 60% ethanol, 80% ethanol, 90% ethanol, 
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95% ethanol and 100% ethanol for twice. 
2.6.5 In situ hybridization 
Hybe solution was made as follows: 100 µl of 10 × in situ salts, 400 µl of deionized 
formamide, 200 µl of 50% dextran sulfate, 20 µl of 50 × Denhardts solution, 10 µl of 
tRNA (10 mg/ml) and 70 µl of DEPC-treated water. The total volume of 800 µl hybe 
solution was enough for 3 slide pairs. 
The probes were prepared as follows: for each pair of slides, appropriate volume of 
probe was added into 50% formamide to make a total volume of 60 µl. The solution 
was heated to 80°C for 2 min and kept on ice. 240 µl of above hybe solution was 
added to the probe to make a total volume of 300 µl. The hybridization solution was 
mixed sufficiently without generating bubbles before use. 
The slides were completely dried on clean paper towels. 300 µl of the hybridization 
solution was added to one side of the slide and the other slide was slowly placed 
onto the previous slide so that the probe could spread throughout all the tissues on 
the slides. Bubbles should be avoided carefully at this step. The slides were elevated 
on a rack sealed in a sealed plastic container containing sterile water and incubated 
in the oven overnight at 50-55°C according to different probes. 
2.6.6 Post-hybridization 
The pairs of slides were separated by dipping into 55°C pre-warmed 0.2 × SSC 
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buffer and washed 3 times with 0.2 × SSC for 60 min each with gentle agitation at 
55°C. The following steps were performed at room temperature. After 5 min wash 
with 1 × PBS buffer, the slides were blocked for 45 min in 1% Boehringer block 
reagent dissolved in 100 mM Tris pH 7.5, 150 mM NaCl, followed by another 
incubation of 45 min in 1.0% Bovine Serum Albumin (BSA) dissolved in 100 mM 
Tris pH 7.5, 150 mM NaCl, 0.3% Triton X-100 (BSA/Tris/NaCL/Triton). 
After blocking, the slides were then hybridized with anti-dig antibody (Roche) 
diluted in the BSA/Tris/NaCl/Triton solution at a ratio of 1:500. The antibody 
solution was poured into a plastic weighing dish. The slides were sandwiched and 
dipped into the antibody solution, which allows capillary action to pull up the 
solution. It needs great care to avoid bubbles between the slides. Solution was 
drained on Kimwipe paper and the dipping process was repeated. The slides were 
elevated in a plastic container and sitted at room temperature for 2 hours. 
After antibody incubation, the slides were drained on Kimwipes and separated, and 
were washed 4 times for 15 min each with BSA/Tris/NaCl/Triton solution on a 
rocker platform. The detergent was washed off by incubating the slides in 100 mM 
Tris pH 9.5, 100 mM NaCl, 50 mM MgCl2 (Tris pH 9.5/NaCl/MgCl2) for 10 min. 
Then, color was developed by adding substrate solution prepared as follows: 10% 
(w/v) polyvinyl alcohol (PVA, Sigma) was dissolved in the previous described Tris 
pH 9.5/NaCl/MgCl2 solution. 30 µl of NBT/BCIP stock solution (Roche) was added 
to 3 ml of Tris-NaCl-PVA stock solution and mixed vigorously and sitted for a while 
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to remove bubbles. 270 µl of the substrate solution was added and the slides were 
sandwiched. The sandwiched slides were placed in a plastic container overnight in 
total darkness at room temperature. 
On the next day, the slides were drained, separated and rinsed in tap water at least for 
3 times to stop reaction. The slides were then dehydrated by washing with 70% 
ethanol for 10 sec and twice with 100% ethanol for 10 sec each. After dehydration, 
the slides were air dried and mounted with 50% glycerol to maintain the signals. The 














2.7 GUS staining and histological analysis 
To detect the spatial expression pattern, the promoters of targeted genes were fused 
with a beta-glucuronidases gene (GUS), and used for the generation of transgenic 
plants. The screened homozygous T3 plants were used for expression analysis. 
Seedlings grown on soil were collected in 1.5 ml Eppendorf tubes and fixed in 90% 
acetone for 20 min on ice. The plant tissues were washed three times with rinsed 
solution (0.5 M Na2HPO4, 0.5 M NaH2PO4, 100 mM K3Fe (CN) 6 and 100 mM K4Fe 
(CN) 6) and then immersed in staining solution (1:50 dilution of 0.1 M X-Gluc sock 
in rinse solution) by vacuum on ice for 30 min. After infiltration, the plant tissues 
were placed in 37°C oven until the GUS signals could be observed. The staining 
solution was then discarded and several washes were performed using gradually 
increased concentration of ethanol from 30% to 100%. The tissues were discolored 
in 100% ethanol until they became white. Finally, the GUS signals could be 
examined under a light microscope. 
For GUS sectioning, the shoot apical meristems (SAMs) of the stained seedlings 
were embedded and sectioned as described in section 2.6.2. The slides were 
observed under a light microscope.
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2.8 Protein analysis 
2.8.1 Protein extraction 
Fresh tissues were collected and ground into powder with liquid nitrogen. 1 ml of 
CellLytic
TM
-P Cell Lysis Reagent (SIGMA) with 40 µl of 25 × proteinase inhibitor 
added. All the solutions were transferred to Eppendorf tubes and centrifuged at top 
speed for 1 min at 4°C. The supernatant was collected and directly used for 
SDS-PAGE electrophoresis or first concentrated by agarose beads before 
electrophoresis analysis. 
To concentrate the protein, the supernatant was mixed with 1 volume of IP buffer (50 
mM Hepes, pH 7.5, 150 mM KCl, 5 mM MgCl2, 10 µM ZnSO4, 1% Triton X-100, 
0.05% SDS) containing proteinase inhibitor. 30 µl of agarose beads with specific 
antibody was added to the previous mixture, followed by incubation of 2-3 hours at 
4°C with rotation to concentrate the protein. 
2.8.2 Western Blot 
20 µl of protein samples or concentrated beads were mixed with 4 µl 6 × SDS-PAGE 
loading buffer (300 mM Tris-HCl, pH 6.8, 12% SDS, 0.6 % bromophenol blue and 
60% glycerol) and boiled at 100°C for 5 min. After denaturation, the samples were 
loaded into a polyacrylamide gel with appropriate concentration based on the 
molecular weight of the target protein and the SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) was carried out. The proteins were separated under 30 
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mA in 1 × SDS-PAGE running buffer (20 mM Tris-base, 150 mM glycine and 0.1 % 
SDS) for about 1 hour. After that, the proteins were electro-transferred to the 
Immuno Blot
TM
 PVDF membrane (Bio-Rad), which was pre-wet with methanol for 
5 min and rinsed with 1 × Blotting buffer (20 mM Tris-base, 150 mM glycine, 20 % 
methanol and 0.1 % SDS) for 2 min, under 100 V for 1 hour. 
After blotting, the PVDF membrane was blocked with blocking solution containing 
5% (w/v) non-fat dried milk in 1 × PBST buffer (0.05% Tween-20 in PBS, pH 7.4) 
at room temperature with gentle shaking for 1 hour. Then, the appropriate primary 
antibody was applied by a dilution of 1000 times in previous described blocking 
solution and the membrane was incubated at 4°C overnight with gentle shaking. The 
next day, the membrane was washed three times by 1 × PBST buffer for 10 min each 
time at room temperature. For a mouse monoclonal antibody, a goat anti mouse 
HRP-conjugated secondary antibody was diluted by 10000 times in blocking 
solution and applied to the membrane, which was subsequently incubated for 1 h at 
room temperature with gentle agitation. After a followed wash by 1 × PBST buffer 
for three times, the membrane was treated with Super Signal West Pico Stable 
Peroxide Solution (Thermo Scientific) together with Super Signal West Pico 
Luminol/Enhancer Solution (Thermo Scientific) in dark for 10 min, and then 
exposed to ECL Amersham Hyperfilm
TM
 (GE) for signal detection. 
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2.9 In vitro GST pull down assay 
2.9.1 GST protein induction and purification 
The genes of interest were cloned into pGEX-6p-2 vector, which contains the DNA 
sequence encoding GST. The recombinant plasmids were transformed into the BL21 
E.coli host strain. After verification by cloning PCR, a single colony was selected 
and incubated in 3 ml LB liquid medium containing ampicillin overnight at 37°C 
with rigorous shaking. On the next day, the 3 ml culture was transferred into 200 ml 
LB liquid medium containing ampicillin and incubated at 37°C with rigorous 
shaking until OD600 reached 0.6-1.0. Then, the Isopropyl 
β-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 0.5 mM 
to induce the protein of interest fused with GST. The cell culture was transferred to 
16°C and incubated for 12-24 h before harvested by centrifugation at 3000 rpm for 
20 min. 
2.9.2 Solubility Test 
2 ml of cell culture after induction and 1 ml of cell culture before induction were 
used to test the solubility of the protein of interest. Cell culture was centrifuged at 
the top speed and the remained cell pellet was resuspended in 500 μl of STE buffer 
(10 mM Tris pH 8.0, 0.15 mM NaCl and 1 mM EDTA), followed by sonication till 
the solution was clear. After taking out 25 μl as the total protein, the rest solution 
was centrifuged at 4°C for 2 min. The supernatant was saved as soluble protein and 
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the pellet was resuspended in 500 μl of STE buffer. 25 μl of the supernatant and the 
resuspended pellet, together with the previous total protein were analyzed by 
SDS-PAGE electrophoresis. The gel after electrophoresis was placed in the staining 
solution (0.1% Comassie Brilliant Blue R-250 dissolved in 10% acetic acid, 20% 
methanol and 70% distilled water), and incubated at room temperature for 30 min 
with shaking. The staining solution was then replaced by the distaining solution 
(10% acetic acid, 20% methanol and 70% distilled water) and incubated at room 
temperature with shaking until the protein bands were visible. FT-GST and 
GRF8-GST are soluble, so they can be used in the pull down assay. 
2.9.3 Protein purification 
The 200 ml culture was split into 50 ml Falcon tubes and centrifuged at 3500 rpm for 
20 min at 16°C. The supernatant was discarded, and the pellet was resuspended in 35 
ml pre-cold lysis buffer (10 mM Tris pH 8.0, 0.15 mM NaCl, 1 mM EDTA and 1% 
Triton X-100). The cell suspension was then subjected to sonication, and centrifuged 
at 10,000 rpm for 3 min at 4°C. The supernatant was transferred and mixed with 250 
μl of glutathione sepharose beads (Amersham Biosciences, USA). The mixed 
solution was incubated at 4°C for 3 h to allow the GST-tagged protein to bind to the 
beads. Subsequently, the beads were pelleted by centrifugation at 2500 rpm for 3min 
at 4°C, and washed by lysis buffer for at least three times. After the final wash, the 
beads were analyzed by SDS-PAGE electrophoresis followed by staining with 
Comassie blue as previous described to test whether the GST-tagged protein 
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successfully binds to the beads. 
2.9.4 In vitro translation of protein 
The synthesis of protein of interest was performed with TNT T7 Quick Coupled 
Transcription/Translation System (Promega, USA). The genes of interest were 
cloned into pGADT7 or pGBKT7 vectors, which contain the DNA sequence 
encoding HA or MYC epitope tag, respectively. The pGBKT7 vector can be directly 
used in the TNT system, while the pGADT7 vector needs to be linearized first before 
added into TNT system. The in vitro translation reaction was set up as follows: 500 
ng of plasmid DNA template, 20 μl of TNT Quick Coupled Transcription/Translation 
Master Mix, 0.5 μl of methionine, and nuclease-free water to top up to 25 μl. The 
reaction was incubated at 30°C for 90 min. 0.5 μl of translated protein was saved as 
“input”. 
2.9.5 GST pull down 
The translated protein from the last step was mixed with 10 μl GST-(protein of 
interest) and GST (control) respectively in 1 ml IP buffer (50 mM Hepes pH7.5, 150 
mM KCl, 5 mM MgCl2, 10 μM ZnSO4, 1% Triton X-100 and 0.05% SDS), and 
incubated at 4°C for 3 h with rotation. Then, the beads were precipitated by 
centrifugation at 2500 rpm for 1 min at 4°C, and washed with IP buffer for at least 
three times. Finally, the beads and previous saved “input” sample, were analyzed by 
SDS-PAGE gel running and western blotting as described in section 2.8.2. 
 81 
2.10 Yeast-two-hybrid assay (small scale) 
2.10.1 Construction of plasmids 
Genes of interest were cloned into pGADT7 (AD) and pGBKT7 (BD) vectors using 
method described in section 2.3. AD and BD vectors contain GAL4 DNA activation 
and binding domain, respectively. 
2.10.2 Preparation of competent yeast cells 
AH109 yeast strain was used in this yeast two-hybrid assay. All the solutions and 
tools used were autoclaved for 1 h at 121°C. All the experiments were conducted in 
laminar flow, which was sterilized by ultraviolet (UV) lamp for at least 15 min. 
The frozen AH109 cells were thawed on ice and streaked on a YPDA agar (20 g/L 
Difco peptone, 10 g/L Yeast extract, 20 g/L Agar, 2% glucose and 0.003% (w/v) 
adenine hemisulfate) plate. After incubation in 30°C oven for 2 days, one single 
colony was selected and incubated into 50 ml of YPDA liquid medium at 30°C with 
shaking at 230-250 rpm for 16-20 h until the OD600 reached 0.15-0.3. The cells were 
centrifuged at 700 × g for 5 min at room temperature, and the pellet was resuspended 
in 100 ml of YPDA liquid medium, followed by incubation at 30°C for 3-5 h with 
shaking until the final OD600 reached 0.4-0.5. The cells were centrifuged as previous 
step and the pellet was resuspended in 60 ml of sterile, deionized H2O. After washed 
by sterile water, the cells were centrifuged again and the pellet was resuspended in 3 
ml of 1.1 × TE/LiAc Solution (freshly made by diluting 10 × LiAc (1 M LiAc pH 
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7.5) and 10 × TE (0.1 M Tris pH7.5, 10 mM EDTA)). The cell suspension was split 
into two 1.5 ml Eppendorf tubes and centrifuged at high speed for 15 sec at room 
temperature. The supernatant was discarded and each pellet was resuspended in 600 
µl 1.1 × TE/LiAc solution (enough for 12 pairs of reaction). 
2.10.3 Transformation of competent yeast cells 
Co-transformation of AD and BD constructs was performed by mixing 200 ng of 
each plasmid DNA together with 5 µl of Herring testes carrier DNA, which was 
denatured before use by heating at 100°C for 5 min, chilling on ice, and heating 
again. 50 µl of yeast competent cells and 0.5 ml of PEG/LiAc solution (8 ml 50% 
PEG 3350 (w/v), 1 ml 10 × TE and 1 ml 10 × LiAc) were added, followed by gentle 
vortex. The mixture was then incubated in a 30°C incubator equipped with shaker 
for 30 min. Subsequently, 20 µl of DMSO was added and mixed, and the tubes were 
placed in a 42°C water bath for 15 min. The cells were then harvested by 
centrifugation at the top speed for 15 sec at room temperature. After removal of 
supernatant, the pellet was resuspended in 1 ml of 0.9% (w/v) NaCl solution. After 
centrifugation, the pellet was then resuspended in 60 µl of 0.9% NaCl. 
2.10.4 Plating the transformation mixture 
20 µl of the transformation mixture was equally dropped on SD/-Trp/-Leu, 
SD/-His-Trp/-Leu and SD/Ade/His/-Trp/-Leu agar plates for each reaction. The 
plates were incubated at 30°C for 3 days for observation. 
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2.11 Transient expression in tobacco leaves 
To improve the infiltration efficiency, tobacco (Nicotiana benthamidana) leaves 
around 3-4 weeks old were used. 
To analyze the protein localization, the sequences of target genes were first cloned 
into pGreen-35: GFP or pGreen-35S: RFP vector as described in section 2.3, making 
an in-frame fusion with GFP or RFP protein. Then, the vectors were transformed into 
Agrobacterium and the Agrobacterium harboring the vectors was grown at 28°C 
overnight with shaking. On the next day, 1 ml of the cell culture was centrifuged at 
top speed for 1 min to pellet the cells. The cells were diluted in Solution A 
containing 10 mM MES and 10 mM MgCl2 (pH 5.6), and adjusted the OD600 to 
about 0.4. After addition of acetosyringone (AS) to a final concentration of 0.1 µM, 
the mixture was placed on bench for at least 3 hours. Finally, the Agrobacterium 
mixture was infiltrated into tobacco leaves from lower epidermis. Two or three days 










To examine the protein localization in shoot apical region, cryo-sectioning was 
performed. 
2.12.1 Sample preparation 
The shoot apical meristems (SAMs) of different genotypes were collected and 
immersed in 4% (w/v) PFA (prepared as described in section 2.6.1) on ice. Vacuum 
was applied on ice for about 30 min to make sure efficient infiltration and the tissues 
were well fixed. Then, the tissues were incubated at 4°C overnight with gentle 
shaking. 
The next day, the tissues were incubated at room temperature for 1 hr and washed by 
1 × PBS buffer for three times with 20 min for each time. Subsequently, the tissues 
were immersed in 30% sucrose solution and incubated at 4°C overnight with shaking. 
The tissues were finally embedded in Tissue-Tek O.C.T Compound (SAKURA) and 
rapidly froze in liquid nitrogen, followed by cryo-sectioning. 
2.12.2 Cryo-sectioning 
The samples were sectioned at a thickness of 20 µm on a Leica CM 3050S 
microtome at -25°C. The tissues were arranged on glass slides and covered by 
adding a drop of sterile water. The GFP signals were observed under confocal 
microscope. 
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2.13 Genetic crossing of plants 
To study the genetic interaction between different genes, genetic crossing was 
performed to generate various kinds of combination of transgenic plants and 
mutants. 
The plants at reproductive stage (about 4-6 weeks old) were used as parents’ plants 
in genetic crossing. A well-developed recipient flower, which was unpollinated, was 
selected as the mother flower and all floral organs except the carpel were removed. 
Stamens containing mature pollens were dissected from a donor flower (father) and 
brushed over the stigma of the mother flower under a dissecting microscope. After 
pollination, the crossed flower was properly labeled and allowed to continue grow 
for seed setting. 2-3 days later, the carpel would elongate if the pollination process 
























3.1 Identification of FTIP7 
It has been reported that an ER membrane protein, FTIP1, is able to interact with FT 
in the companion cells, and modulate the transport of FT into sieve elements, thus to 
affect the efficiency of FT function in the SAM to regulate flowering time (Liu et al., 
2012). FTIP1 contains three C2 domains located at the N terminus and one plant 
phosphoribosyltransferase C-terminal domain (PRT_C), and belongs to a protein 
family comprised of other 16 homologs, which resemble SYT1 topologically. Since 
the fact that ft-10 flowers much later than ftip1-1 suggests the involvement of other 
components in the regulation of FT transport, we tried to find such candidates among 
FTIP1 homologs. 
We chose several close genes and did genetic crosses of their single mutants with 
ftip1-1. We found that loss of one gene At1g22610 could further delay the flowering 
time of ftip1-1; thus, we focused on this gene for further study, and designated this 
gene as FT INTERACTING PROTEIN 7 (FTIP7). 
FTIP7 encodes a protein belongs to C2 calcium/lipid-binding plant 
phosphoribosyltransferase family. It contains four C2 domains at the N terminus and 
one PRT_C domain at the C terminus (Figure 4A). Protein sequence alignment 
shows that in the C2 domains and PRT_C domain region, FTIP7 shares high 






Figure 4. FTIP7 protein sequence shows high similarity with FTIP1. 
(A) Schematic diagram shows FTIP7 protein structure. aa: amino acids. 
(B) Protein sequence alignment of FTIP7 and FTIP1. The regions encoding C2 











3.2 Loss of function of FTIP7 enhances the late flowering of ftip1-1 
We isolated two T-DNA insertional mutants, ftip7-1 (Salk_145386) and ftip7-2 
(Salk_017389), from Arabidopsis Biological Resource Center (Figure 5A) 
(http://www.arabidopsis.org). Extremely low level of FTIP7 was detected in either 
homozygous line, suggesting that ftip7-1 and ftip7-2 are null mutants (Figure 5C). 
Both mutants showed slight defects in terms of flowering. However, when combined 
with ftip1-1, both double mutants showed a much later flowering phenotype 
compared to each single mutant under LDs (Figure 5B,D). 
To verify that the further delayed flowering phenotype of the double mutants is 
attributed to loss of FTIP7 function, we transformed the double mutants with a 
genomic construct (gFTIP7) harboring a 6.1-kb FTIP7 genomic region that includes 
2.7-kb upstream sequence, 3.1-kb full coding sequences, and 0.3-kb 3’ untranslated 
region. The gFTIP7 ftip1-1 ftip7-1 T1 transformants exhibited comparable flowering 
time to ftip1-1 single mutants, demonstrating that FTIP7 is responsible for the 






Figure 5. Loss of function of FTIP7 enhances late flowering of ftip1-1. 
(A) Schematic diagram shows the T-DNA insertion sites in ftip7-1 (Salk_145386) 
and ftip7-2 (Salk_017389). FTIP7 contains only one exon indicated by black box. 
The 5’- and 3’-UTR are indicated by gray boxes. The start codon (ATG) and stop 
codon (TAA) are labeled. 
(B) Comparison of flowering time between different genotypes. 
(C) FTIP7 expression level in different genotypes detected by real-time PCR. Error 
bars denote SD. 














Figure 6. Complementation of ftip1-1 ftip7-1 by gFTIP7. 
FTIP7 genomic fragment can partially rescue the late-flowering phenotype of ftip1-1 
















3.3 Overexpression of FTIP7 does not affect flowering time 
To study the role of FTIP7 in regulating flowering time, we also generated 
transgenic lines overexpressing FTIP7 driven by the cauliflower mosaic virus 35S 
promoter (35S:FTIP7). Although the transgenic lines did show upregulated FTIP7 
levels compared to wild-type, they did not exhibit any defects in flowering time, 
suggesting that excessive FTIP7 might not affect flowering (Figure 7). This may due 










Figure 7. Overexpression of FTIP7 does not affect flowering time. 
(A) FTIP7 expression levels in transgenic plants determined by quantitative 
real-time PCR. Error bars denote SD. 
(B) Flowering time of transgenic plants. Error bars denote SD. 
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3.4 FTIP7 is ubiquitously expressed in various tissues 
To examine the spatial expression pattern of FTIP7, quantitative real-time PCR was 
performed using cDNAs from various tissues. The result shows that FTIP7 was 
ubiquitously expressed in different tissues, with its highest expression in young 
seedlings (Figure 8). 
Besides, to observe a more detailed expression pattern of FTIP7, we generated 
β-glucuronidase (GUS) reporter construct driven by FTIP7 promoter, the 2.7-kb 
region used in the previous complementation experiment. A representative line was 
selected for further study. GUS staining was observed in leaves of young seedlings, 
with especially strong signals in the SAM region (Figure 9A-C). In the 
inflorescences, FTIP7 showed extremely high expression level in the pedicel, top 
part of the pistil, and also in the vascular tissues of the sepals and petals (Figure 9D). 
In the siliques, FTIP7 showed low expression in the septum, with higher expression 
at the basal and upper part (Figure 9E). 
In situ hybridization further revealed that FTIP7 was expressed in the shoot apical 
meristem and young emerging leaves, which is consistent with its function in 






Figure 8. FTIP7 is ubiquitously expressed in various organs examined. 
Rt, roots; Sd, seedlings; RL, rosette leaves; CL, cauline leaves; St, stem; FB, flower 











Figure 9. pFTIP7:GUS signals are detectable in young seedlings, inflorescences 
and siliques. 
(A) to (E) Representative GUS staining of pFTIP7:GUS transgenic plants shows 
FTIP7 expression in a 7-d-old seedling (A), a 9-d-old seedling (B), an 11-d-old 








Figure 10. FTIP7 is expressed in the shoot apical region. 
(A) Longitudinal section of a vegetative shoot apex of an 11-d-old seedlings 
hybridized with the FTIP7 antisense probe. 
(B) Longitudinal section of a vegetative shoot apex of an 11-d-old seedlings 





3.5 FTIP7 expression is upregulated in the SAM during the floral transition 
To examine the temporal expression pattern of FTIP7, quantitative real-time PCR 
was performed to detect FTIP7 expression levels in seedlings. The expression of 
FTIP7 did not change obviously in seedlings from 3-d-old to 15-d-old (Figure 11A). 
Since FTIP7 is also expressed in the vegetative shoot apex as revealed by in situ 
hybridization, we also checked the temporal expression of FTIP7 specifically in the 
shoot apex region by sectioning the seedlings of pFTIP7:GUS transgenic plants. 
Longitudinal sections of a representative 11-d-old GUS seedling showed signals 
detected in the SAM and young leaf primordia, which is in line with previous in situ 
hybridization results (Figure 11E). During the floral transition, FTIP7 expression 
was significantly increased in the SAM, and was maintained at a certain level 









Figure 11. FTIP7 expression increases significantly in the SAM during the 
floral transition. 
(A) FTIP7 expression in whole seedlings detected by real-time PCR. Error bars 
denote SD. 
(B-G) Longitudinal sections of vegetative shoot apices of a representative GUS 




3.6 FTIP7 is localized on the membrane and in the nucleus 
To study the subcellular localization of FTIP7, we fused FTIP7 with green 
fluorescent protein (GFP) under the control of 35S promoter. Transient expression in 
tobacco leaves suggests that FTIP7 is localized on the membrane as well as in the 
nucleus (Figure 12). When co-infiltrated with various protein tagged organelle 
markers, GFP:FTIP7 was well colocalized with an endoplasmic reticulum (ER) 
marker (Figure 12). Notably, GFP signals were also distributed at the cell wall in 
dot-like pattern. Further analysis showed that they are colocalized with callose 
deposition stained with aniline blue, which marks the position of plasmodesmata 
(Figure 13). In addition, we generated FTIP7:GFP:FTIP7, which could partially 
rescue the late flowering of ftip1-1 ftip7-1, to monitor the in vivo localization of 
FTIP7 in Arabidopsis. Fluorescent signals could be detected on the membrane and in 
the nucleus of leaves, which is consistent with the situation in tobacco. Besides, 
signals could also be detected in trichomes, hypocotyls and roots (Figure 14). 
Since FTIP7 is probably interacts with FT like FTIP1, we wondered whether they 
have similar pattern in terms of subcellular localization. We transiently expressed 
35S:GFP:FTIP7 with 35S:FT:RFP in tobacco leaves and found that these two 
proteins were colocalized both on the membrane and in the nucleus (Figure 15).  
The localization of FTIP7 is different from that of FTIP1, which is only located on 
the membrane (Liu et al., 2012), suggesting that FTIP7 may have different functions, 







Figure 12. FTIP7 is localized on the membrane and in the nucleus. 
Subcellular localization of 35S:GFP:FTIP7 and free GFP in tobacco leaf epidermal 
cells were examined by confocal microscopy. Although both GFP:FTIP7 and free 
GFP are localized in the nucleus and on the membrane, GFP:FTIP7 is found to be 
enriched in some regions on the membrane. GFP, GFP fluorescence; ER-RFP, RFP 







Figure 13. GFP:FTIP7 is localized in plasmodesmata at the cell wall. 
Distribution of 35S:GFP:FTIP7 at the cell was examined by confocal microscopy in 
detail. At some regions, GFP:FTIP7 signals are well colocalized with callose 
deposition stained with aniline blue, which indicates the position of plasmodesmata 
(arrows). GFP, GFP fluorescence; RFP, RFP fluorescence of an ER marker; AB, 





Figure 14. GFP:FTIP7 signals in Arabidopsis transgenic plants. 
GFP signals are detected in leaf (A), hypocotyl (B), root (C) and trichome in a 







Figure 15. FTIP7 is well colocalized with FT. 
Subcellular localization of 35S:GFP:FTIP7 and 35S:FT:RFP examined by confocal 
microscopy. GFP:FTIP7 signals are co-localized with FT:RFP signals. BF, bright 





3.7 FTIP7 is biologically functional in the vasculature and SAM. 
Previous GUS results showed clearly that FTIP7 is expressed in vasculature as well 
as in the SAM (Figure 9, 10). Therefore, to examine the functional tissue of FTIP7, 
we specifically expressed FTIP7 in the SAM by the KNAT1 promoter or in the major 
veins of phloem by the SUC2 promoter, respectively. When introduced into ftip1-1 
ftip7-1 double mutants, both constructs were able to partially rescue the late 
flowering of the double mutants (Table 4), indicating that FTIP7 is biologically 
functional in the vasculature and in the SAM. Furthermore, we utilized artificial 
micro RNA to knock down FTIP7 specifically in the shoot apex under the control of 
FD promoter. The transgenic ftip1-1 mutants harboring 35S:AmiR-ftip7 exhibited 
further delayed flowering (Table 4), mimicking the phenotype of ftip1-1 ftip7-1 











Table 4. Flowering time of mutants under LDs and SDs. 
Genotype No. of Rosette Leaves No. of Cauline Leaves n 
Experiment 1 
Wild type 9.4±0.9 2.6±0.5 20 
ftip7-1 11.7±1.2 2.9±0.4 20 
ftip1-1 17.8±1.2 4.0±0.6 20 
ftip1-1 ftip7-1 23.3±1.8 5.2±0.4 20 
soc1-2 20.8±1.3 3.0±0.8 18 
soc1-2 ftip7-1 20.2±2.0 2.7±0.4 16 
soc1-2 ftip1-1 29.3±1.7 3.8±0.5 18 
soc1-2 ftip1-1 ftip7-1 37.0±2.0 2.3±1.0 18 
ft-10 49.7±1.5 9.7±0.6 15 
ft-10 ftip7-1 55.2±1.5 7.4±0.5 14 
ft-10 ftip1-1 57.9±2.4 10.9±1.6 15 
ft-10 ftip1-1 ftip7-1 73.7±5.2 14.3±2.1 16 
Experiment 2 (Short Days) 
Wild type 50.1±1.5 8.3±0.6 14 
ftip7-1 51.0±1.5 9.1±0.8 13 
ftip1-1 52.2±1.6 10.2±1.0 14 
ftip1-1 ftip7-1 51.7±1.6 9.1±0.7 15 
Experiment 3 
Wild type 10.8±0.5 2.5±0.4 17 
ftip1-1 17.5±1.3 4.2±0.8 18 
ftip1-1 ftip7-1 23.0±2.0 5.0±0.5 16 
SUC2:FTIP7 ftip1-1 ftip7-1 16.8±1.8 3.4±0.7 19 
KNAT1:FTIP7 ftip1-1 ftip7-1 16.0±0.8 3.1±0.7 18 
FD:Amir-ftip7 ftip1-1 22.0±4.6 4.5±1.2 18 
Experiment 4 
Wild type 11.7±1.0 2.6±0.5 20 
SUC2:FT 3.1±0.3 1.1±0.3 25 
SUC2:FT ftip7-1 3.0±0.2 1.2±0.4 25 
SUC2:FT ftip1-1 3.7±0.4 1.7±0.4 25 
SUC2:FT ftip1-1 ftip7-1 3.9±0.3 1.8±0.3 25 
SUC2:FT:GFP 8.5±0.8 2.5±0.5 23 
SUC2:FT:GFP ftip7-1 9.9±1.3 2.4±0.5 20 
SUC2:FT:GFP ftip1-1 12.9±1.0 3.5±0.5 18 
SUC2:FT:GFP ftip1-1 ftip7-1 15.3±1.0 3.8±0.8 21 
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3.8 FTIP7 expression is regulated by the photoperiod and vernalization 
pathways. 
To study how FTIP7 expression is regulated by various flowering signals, we 
examined its expression in different environmental conditions and flowering mutants. 
Under LDs, FTIP7 expression was obviously upregulated in the SAM region during 
the floral transition (Figures 11B-G). Loss of function of FTIP7 resulted in slightly 
late flowering, and also enhanced the late-flowering phenotype of ftip1-1 single 
mutants (Figure 5). However, under SDs, all the mutants showed similar flowering 
time compare to wild-type, indicating a role of FTIP7 in the photoperiod pathway 
(Table 4). We then carried out day-length shift experiment to study the effect of 
photoperiod on FTIP7 expression. The results showed that FTIP7 was expressed at a 
very low level under SDs, but when shifted to LDs, its expression was gradually 
induced, showing a pattern similar to that of FT expression, although the increased 
degree was not that high (Figure 16). Furthermore, we examined FTIP7 expression 
within one day, and found it exhibited a diurnal oscillation similar to that of FT 
under LDs (Figure 17). These observations support that FTIP7 is regulated by the 
photoperiod pathway. Nevertheless, FTIP7 expression did not change greatly in 
loss-of-function mutants of key regulators in the photoperiod pathway, like CO, FT 
and GI (Figure 18). Therefore, the mechanism by which photoperiod regulates 
FTIP7 needs to be further elucidated. 
Vernalization treatment was performed to study the effect of cold temperature on 
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FTIP7 expression. It was found that FTIP7 expression was upregulated by 
vernalization treatment. Meanwhile, in FRI FLC mutants where FLC was 
dramatically downregulated in response to vernalization, the upregulation of FTIP7 
was reduced (Figure 19), indicating that vernalization may regulate FTIP7 


















Figure 16. FTIP7 expression is induced upon day-length extension. 
Wild-type seedlings were grown under SDs for 11 days before they were transferred 
to LDs. Seedlings were harvested at 4-h intervals consecutively for three days 
comprising one SD followed by two LDs. FTIP7 expression was determined by 
quantitative real-time PCR. FT expression was examined as a positive control. Bars 

























Figure 17 FTIP7 exhibits obvious diurnal oscillation in a pattern similar to that 
of FT. 
FTIP7 expressions in 9-d-old seedlings were examined at 2-h intervals over a 24-h 
period by quantitative real-time PCR. FT expression was examined as a positive 
control. Sampling time was expressed in hours as Zeitgeber time (ZT) that is the 
number of hours after dawn or the onset of illumination. Bars below the graph 




















Figure 18. FTIP7 expression is not altered in the photoperiod pathway mutants. 
9-d-old seedlings of the photoperiod pathway mutants were harvested for expression 
analysis. FTIP7 expression was determined by quantitative real-time PCR, and then 























Figure 19. FTIP7 expression is upregulated by vernalization treatment. 
Wild-type and FRI FLC seedlings were grown on Murashige and Skoog (MS) 
medium under LDs for 3 days. After germination, they were vernalized for 9 weeks 
at 4°C in dark before they were transferred to LDs. The 9-d-old seedlings grown 










3.9 FTIP7 expression is not regulated by the autonomous or GA pathways. 
We also checked the expression of FTIP7 in several mutants of autonomous pathway. 
FTIP7 expression was not affected in the mutants examined, indicating that it is not 
regulated by the autonomous pathway (Figure 20). Similarly, GA treatment did not 
greatly affect the expression of FTIP7 in wild-type plants grown under SDs (Figure 
21A). With consistent GA treatment, the single mutants (ftip1-1 and ftip7-1) and 
double mutants (ftip1-1 ftip7-1) exhibited the same flowering time compared to 
wild-type (Figure 21B). Considering that the mutants did not show any flowering 
defects under SDs per se (Table 4), GA does not control FTIP7 expression. 
Moreover, we examined FTIP7 expression in the mutants of several flowering time 
regulators. Loss of function of SOC1, SVP, FLC and AGL24 also did not affect 
FTIP7 expression (Figure 22). 
Taken together, FTIP7 integrates signals from the photoperiod and vernalization 





















Figure 20. FTIP7 expression is not altered in the autonomous pathway mutants. 
9-d-old seedlings of the autonomous pathway mutants were harvested for expression 
analysis. FTIP7 expression was determined by quantitative real-time PCR, and then 
















Figure 21. FTIP7 is not involved in the GA pathway. 
(A) Effect of GA treatment on FTIP7 expression determined by quantitative 
real-time PCR. Wild-type plants were treated weekly with exogenous GA (100 μM). 
Seedlings treated for 1 week (W1) or 3 weeks (W3) were harvested for expression 
analysis. Error bars denote SD. 
(B) Plants grown under SDs were treated with 100 μM exogenous GA weekly until 














Figure 22. FLC, AGL24, SOC1 and SVP do not affect FTIP7 expression. 
9-d-old seedlings were collected for expression analysis. FTIP7 expression was 














3.10 SOC1 is a potential downstream target of FTIP7. 
Since FTIP7 integrates environmental signals from the photoperiod and 
vernalization pathways, we examined the expression of several floral integrators in 
different genotypes. SOC1 was down regulated in ftip7-1 single mutants, although 
further loss of FTIP7 seems did not affect SOC1 expression greatly in ftip1-1 (Figure 
23A). Moreover, we specifically compared the expression of SOC1 in the SAM 
region, where it functions to activate floral meristem identity genes like AP1 and 
LFY. SOC1 expression in ftip7-1 and ftip1-1 single mutants was reduced slightly in 
SAM compared to that of wild-type. In ftip1-1 ftip7-1 double mutants, the expression 
of SOC1 was significantly down regulated in the SAM compared to either single 
mutants，indicating that SOC1 may act downstream of FTIP7 (Figure 23B-F). In 
agreement with this result, soc1-2 ftip7-1 mimicked the flowering phenotype of 
soc1-2 (Table 4). However, the flowering time of soc1-2 ftip1-1 ftip7-1 triple 
mutants were further delayed than either double mutants (Table 4), indicating that 
other flower regulators may be affected as well by loss of function of FTIP7. 
In ftip1-1, the expression of CO was not altered, while FT expression was reduced 
greatly, which is consistent with previous report (Liu et al., 2012). However, FTIP7 
did not have any effects on the expression of CO or FT (Figure 24). Therefore, 
FTIP7 does not affect FT at mRNA level. 
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Figure 23. SOC1 acts downstream of FTIP7. 
(A) SOC1 expression detected by quantitative real-time PCR in 11-d-old seedlings of 
different genotypes. Error bars denote SD. 
(B) to (E) In situ localization of SOC1 at the shoot apex of 11-d-old wild-type (B), 
ftip7-1 (C), ftip1-1 (D) and ftip1-1 ftip7-1 (E). 





Figure 24. The expression of CO and FT are not regulated by FTIP7. 
(A) CO expression detected in 11-d-old seedlings of different genotype. Error bars 
denote SD. 




3.11 FTIP7 interacts with FT and TSF. 
By interacting with FT in the phloem, FTIP1 is able to modulate FT transportation 
from companion cells to sieve elements, thus to regulate flowering time (Liu et al., 
2012). Therefore, we wondered whether FTIP7 could interact with FT as well. Yeast 
two-hybrid assay showed that the N-terminal region (aa 1-750; N750) of FTIP7 
which contains four C2 domains can interact with FT and its closest homolog, TSF 
(Figure 25). Similar to FTIP1, the full length version of FTIP7 could not interact 
with FT or TSF. This may due to the PRC_T domain located at its C terminus, which 
is predicted to be a membrane targeting domain. Such characteristic might prevent 
the whole protein from expressing properly in yeast system, thus making it failed to 
interact with FT and TSF. 
We further performed in vitro glutathione S-transferase (GST) pull down assay. The 
results further demonstrated that the in vitro translated N terminal region of FTIP7 




















Figure 25. The N-terminal region of FTIP7 interacts with FT and TSF. 
(A) Schematic diagram of FTIP7 and its truncated protein used for yeast two-hybrid 
assays. Numbers below the diagram indicate the amino acid sequence. 
(B) Yeast two-hybrid assay of the interaction between N750 and FT/TSF. 
Transformed yeast cells were grown on SD-Leu/-Trp/-His/-Ade medium (left panel) 











3.12 FTIP7 protein is gradually expressed in the SAM during the floral 
transition. 
As our results have shown that FTIP7 expression increases significantly in the SAM 
region during the floral transition (Figure 11), we are also interested in its protein 
expression pattern at the same developmental stage. To this end, we analyzed GFP 
fluorescence in the SAM of FTIP7:GFP:FTIP7 ftip1-1 ftip7-1 seedlings. The results 
showed that GFP:FTIP7 was accumulated at the base part of SAM before floral 
transition. During the floral transition, GFP signals were gradually expanded to the 
whole SAM region (Figure 26). 
Previous studies have revealed that FT:GFP was detected in the provasculature at the 
shoot apex and at the base of the SAM in 10-d-old seedlings, which were about to 
undergo the floral transition (Corbesier et al., 2007). Similarly, Hd3a:GFP was 
detected in the vascular tissue of the upper part of the stem and in the region just 
beneath the meristem in rice seedlings (Tamaki et al., 2007). Moreover, SAM is the 
place where FT interacts with FD and exhibits its function (Abe et al., 2005). 
Therefore, we examined the temporal expression pattern of SUC2:FT:GFP in the 
SAM. It was consistent with previous reports showing that FT:GFP signals appeared 
at the base part of SAM before the floral transition (Figure 27B), and were gradually 
accumulated in the inner corn of the SAM (Figure 27C). Finally, GFP signals were 
detected in the whole SAM after the floral transition (Figure 27D). Therefore, from 
the perspective of temporal expression in the SAM, FTIP7 showed a similar pattern 
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to that of FT, indicating that these two proteins may have some relationship at a 
protein level in the SAM region. 
Taken together, based on the observations of FTIP7 interaction with FT, similar 
subcellular localization of FT and FTIP7, and the expression pattern of GFP:FTIP7 
in the SAM, we hypothesized that FTIP7 may function in mediating FT protein 












Figure 26. FTIP7 expression gradually increases in the SAM during the floral 
transition. 
Protein expression pattern of FTIP7 in the SAM of a 7-d (A), 9-d (B) and 11-d-old 









Figure 27. FT expression gradually increases in the SAM during the floral 
transition. 
Protein expression pattern of FT in the SAM of a 7-d (A), 9-d (B), 11-d (C) and 
13-d-old (D) SUC2:FT:GFP seedlings were examined by confocal microscopy. 
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3.13 FT transport into the SAM is affected by losing function of FTIP7 
To elucidate the role of FTIP7 in FT transport, we compared the temporal expression 
of FT protein in the SAM, exploiting transgenic plants expressing FT:GFP from 
SUC2 promoter, which is exclusively expressed in the phloem companion cells. 
Introduction of SUC2:FT:GFP into ftip1-1, ftip7-1 and ftip1-1 ftip7-1 mutants 
caused these plants to flower much earlier compared to their respective 
non-transgenic plants, although not that early as SUC2:FT did (Table 4). 
Longitudinal sections of the SAM of 13-d-old seedlings were examined by confocal 
microscopy. FT:GFP signals could be detected in the whole SAM region in wild-type 
plants, while it could only be detected in the region just beneath SAM in ftip7-1, 
suggesting a role of FTIP7 in unloading FT from the top of the vasculature into SAM 
(Figure 28A-B). This is in good agreement with the phenotype that SUC2:FT:GFP 
ftip7-1 flowered a little later than SUC2:FT:GFP (Table 4). In ftip1-1, the intensity 
of FT:GFP signals accumulated at the base part of SAM was weaker than that in 
ftip7-1, which may due to less FT:GFP reached in this region caused by impaired 
transportation of FT along the vascular tissues (Figure 28C). Similarly, the GFP 
signals in ftip1-1 ftip7-1 double mutants were comparable to that in ftip1-1 (Figure 
28D). Taken together, FTIP7 plays an important role in mediating FT transport from 





Figure 28. FT transport into the SAM is affected by loss of function of FTIP7. 
Cryo-sections were performed using 13-d-old seedlings of various genotypes at 




3.14 GRF8 interacts with FT and FTIP7. 
Previous reports have revealed that in rice, 14-3-3 proteins act as a platform to 
integrate the interaction between FT homolog Hd3a and OsFD1, thus to translocate 
FT into the nucleus and finally regulate flowering time (Taoka et al., 2011). Since 
14-3-3s are a family of highly conserved and ubiquitously expressed proteins across 
species, we wondered whether the interaction between FT and FTIP7 also involves 
14-3-3 proteins. 
We performed yeast two-hybrid assay to investigate the interaction between GRFs 
(14-3-3s in Arabidopsis) and FT and FTIP7. It was found that only GRF8 showed 
strong interaction with both FT and the N terminal region of FTIP7 (Figure 29). We 
also carried out in vitro GST pull down assay, which further supported the 









Figure 29. GRF8 interacts with FTIP7 and FT in yeast two-hybrid analysis. 
Interaction between GRFs and FT and the N terminal region of FTIP7 were 
examined using yeast two-hybrid assay. Transformed yeast cells were grown on 





Figure 30. GRF8 interacts with FTIP7 in GST pull down assay. 
In vitro translated myc-tagged N terminal region of FTIP7 was incubated with 
immobilized GST and GST-GRF8, respectively. Immunoblot analysis was performed 





3.15 GRF8 enhances the interaction between FT and FTIP7. 
Since GRF8 is able to interact with both FT and FTIP7, it may have some effect on 
the interaction between FT and FTIP7. Therefore, we performed another round of 
GST pull down assay to examine whether the interaction between FT and FTIP7 is 
affected by GRF8. The results clearly revealed that in absence of GRF8, the N 
terminal region of FTIP7 showed very weak interaction with FT (Figure 31). 
However, when GRF8 was added, the interaction between FT and the N terminal 
region of FTIP7 was obviously stronger. This result suggested that GRF8 could 












Figure 31. GRF8 enhances the interaction between FTIP7 and FT. 
Myc-tagged N terminal region of FTIP7 generated by the TNT in vitro translational 
system was incubated with immobilized GST and GST-FT, with or without GRF8. 







3.16 GRF8 affects the protein distribution of FT and FTIP7. 
Besides acting as a platform to integrate the interaction of two different proteins at 
the right time and right place, 14-3-3 proteins also function in a manner to shuttle 
interacting proteins between different organelles within a cell. For example, in the 
BR signaling pathway in Arabidopsis, GRF8 was found to interact with BKI1 and 
enhance the cytosolic accumulation of BKI1, thus to release BES1/BZR1 into the 
nucleus to regulate BR-response (Wang et al., 2011). Previous results showed that 
both FT and FTIP7 are localized in the nucleus and on the membrane (Figure 15). 
When co-infiltrated with 35S:GRF8, both FT and FTIP7 showed reduced signals on 
the membrane (Figure 32). Notably, 35S:GFP:FTIP7 showed more obvious dot-like 
distribution at the cell wall, which are the position of plasmodesmata. However, 












Figure 32. GRF8 affects the protein distribution pattern of FTIP7 and FT. 
35S:FT:GFP and 35S:GFP:FTIP7 were infiltrated into tobacco leaves with or 
without 35S:GRF8, respectively. GFP signals were examined by confocal 




























4.1 FTIP7 regulates flowering redundantly with FTIP1 
To ensure reproductive success, the transition from vegetative phase to flowering is 
of vital importance and is tightly regulated by a complex genetic network that 
response to various environmental and developmental cues. To date, many key 
regulators of flowering time have been identified, including some floral promoters 
like CO, FT, and SOC1, as well as some floral repressors like SVP and FLC 
(Kobayashi et al., 1999; Lee et al., 2000; Li et al., 2008). After perceiving signals, 
they act together at the transcription level to integrate all the information and then 
determine the flowering time by activating or repressing their downstream target 
genes such as AP1 and LFY. Among these flowering time regulators, FT has been 
reported to be crucial for the convergence of various flowering pathways. Previous 
studies have identified a clear genetic hierarchy involving FT and its upstream and 
downstream genes (Cheng and Wang, 2005; Kay and Sawa, 2011; Yoo et al., 2005). 
Besides, several papers have also demonstrated that it is FT protein that can travel 
through vascular tissues to the shoot apex, where it interacts with FD to regulate the 
temporal and spatial expression of downstream floral meristem identity genes (Abe 
et al., 2005; Jaeger and Wigge, 2007; Mathieu et al., 2007; Wigge et al., 2005). 
However, the mechanisms of FT transportation are still largely unknown, until the 
recent identification of FTIP1, a protein regulates flowering through modulating FT 
transport from companion cells into sieve elements (Liu et al., 2012). 
In this study, we identified and characterized a new flowering gene, FTIP7, which is 
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a close homolog of FTIP1. FTIP7 encodes a C2 domain protein, and loss of function 
of FTIP7 further delayed the flowering of ftip1-1 (Figure 5). It is expressed 
ubiquitously through the development of Arabidopsis in various organs, and 
particularly, both its mRNA and protein expression in the SAM are gradually 
increased during the floral transition (Figures 8, 9, 11 and 26). Further analysis 
revealed that FTIP7 interacts with FT, and FT protein expression in the SAM was 
affected in ftip7-1, suggesting that FTIP7 may function in mediating FT transport 
into the SAM. Besides, FT transport in the vasculature is modulated by FTIP1 (Liu 
et al., 2012). Taken together, FTIP7 functions redundantly with FTIP1 in regulating 
FT transport from the vascular tissues in leaves up straight to the SAM in a manner 
of relay.  
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4.2 FTIP7 is regulated by the vernalization and photoperiod pathways. 
ftip7-1 shows slightly late flowering in LDs, but significantly enhances the 
late-flowering phenotype of ftip1-1, so we performed series of expression analysis, 
day-length shift experiments and phenotypic analysis to investigate in which 
flowering pathway is FTIP7 involved. Several pieces of evidence show that FTIP7 is 
involved in the photoperiod pathway. Firstly, ftip1-1 ftip7-1 double mutants only 
show delayed flowering compared to each single mutant in LDs, but not in SDs 
(Table 4). Secondly, FTIP7 expression is induced by shifting from SDs to LDs 
(Figure 16). Lastly, FTIP7 shows an obvious diurnal oscillation pattern, which is 
very similar to the pattern of FT (Figure 17). Furthermore, FTIP7 is also regulated 
by the vernalization pathway, since its expression is upregulated by vernalization 
treatment. Overexpression of FLC in FRI FLC seems to reduce the increased degree 
of FTIP7 upon vernalization treatment, indicating that vernalization may regulate 
FTIP7 through FLC (Figure 19). Thus, it would be interesting to examine the 








4.3 FTIP7 mediates FT transport into the SAM. 
As a crucial floral integrator, FT has been reported to act as a component of 
“florigen”, and travels through vascular tissues from leaves to the shoot apex (Jaeger 
and Wigge, 2007; Lin et al., 2007). Through phloem, FT is able to arrive at the base 
region of the SAM. However, FT functions in the SAM to interact with FD and 
activates downstream target genes. Therefore, it is necessary to study how FT is 
transported into the SAM after unloading from the vasculature. From several pieces 
of evidence demonstrated below, we could draw a conclusion that such short 
distance transport of FT is regulated by FTIP7. 
Firstly, FTIP7 is involved in the photoperiod pathway. Nevertheless, the expressions 
of two critical regulators in this pathway, FT and CO, are not affected in ftip7-1, 
while SOC1 expression is down regulated in the SAM (Figures 23-24). Based on this 
result, we proposed a hypothesis that FTIP7 may not function to regulate FT 
expression at a transcription level, but at a protein level. 
Secondly, both FTIP7 and FT are localized in the nucleus and on the membrane, and 
they interact with each other (Figures 15, 25 and 31). Moreover, from the perspective 
of temporal expression in the SAM, FTIP7 also shows a similar pattern with that of 
FT during the floral transition (Figures 26-27). These results provide spatial and 
temporal evidence for our hypothesis. 
Thirdly, FT transport in the phloem is tightly modulated by FTIP1 (Liu et al., 2012). 
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Thus, it is reasonable to hypothesize that as a close homolog of FTIP1, FTIP7 may 
function in a similar manner in terms of FT protein regulation. 
Lastly and most importantly, when expressed under the phloem specific SUC2 
promoter, FT:GFP expression in the SAM is greatly affected by loss of function of 
FTIP7 (Figure 28). Moreover, SUC2:FT:GFP ftip7-1 flowers later than 
SUC2:FT:GFP, indicating that FT function is impaired in ftip7-1. Therefore, FTIP7 
regulates flowering by coordinating the short-distance transport of FT from top of 
the vasculature into the SAM. 
Considering the special localization of FTIP7 in plasmodesmata at the cell wall, it 
will be meaningful to study whether the transport of FT is mediated by 
plasmodesmata. Besides, since FTIP7 is also expressed in the vasculature, whether it 




4.4 GRF8 integrates the interaction between FT and FTIP7. 
14-3-3s are general regulators that are conserved and highly expressed across kinds 
of species. In plants, it has been reported that 14-3-3s play very important roles in 
regulating many aspects of developmental processes. For example, in rice, 14-3-3s 
are able to interact with Hd3a, thus to translocate as a protein complex into the 
nucleus to promote the interaction with OsFD1, and finally regulate the 
transcriptional activation of OsMADS15 (Taoka et al., 2011). In Arabidopsis, 14-3-3s 
(GRFs) are involved in BR signaling pathway by interacting with and retaining 
BKI1 in the cytoplasm, thus releasing BES1/BZR1 into the nucleus to activate 
BR-response (Wang et al., 2011). 
When investigating the involvement of GRFs in the interaction of FT and FTIP7, we 
found that only GRF8 could interact with both FT and FTIP7, and even play a role in 
enhancing the interaction between FT and FTIP7 (Figures 29-31). Furthermore, 
transient expression analysis has shown that the protein distribution patterns of 
FT:GFP and GFP:FTIP7 are greatly affected by adding 35S:GRF8, which is capable 
of reducing the cytosolic localization of FT and FTIP7 (Figure 32). 
However, how such changes in protein distribution between different organelles 
affect the interaction of FT and FTIP7 is unclear. It is necessary to investigate the 
detailed mechanism of GRF8 in mediating FTIP7 interaction with FT, and its final 
contribution to the FT transport into the SAM. Besides, GRFs have two highly 
phosphorylation dependent conserved binding motifs according to previous reports 
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(Yaffe, 2002). Thus, it would be interesting to examine the binding sites of GRF8 
with FT and FTIP7. This would give us some clues on the interaction mode of GRF8, 














4.5 FTIP7 belongs to the C2 domain protein family. 
Structure analysis reveals that FTIP7 contains four C2 domains at its N terminus and 
one transmembrane domain at the C terminus (Figure 4). Protein sequence alignment 
result shows that there are 16 homologs of FTIP7 in Arabidopsis, and they 
topologically resemble synaptotagmins (SYT1, SYT2 and SYT3) (Figure 33). 
Our studies have shown that FTIP7 exerts redundant function with FTIP1, yet it has 
its unique role in regulating FT transport. However, whether other homologs have 
similar function is still unknown. Since SUC2:FT:GFP is not completely abolished 
in ftip1-1 ftip7-1 double mutants (Figure 28), some other regulators must be involved, 
for example, other FTIP7 homologs. Therefore, it is worth investigating the 
mechanism of action of other homologs, and examine whether loss of all the 
homologs could totally block FT transport. 
Besides, ft-10 ftip7-1 flowers later than ft-10, ft-10 ftip1-1 ftip7-1 flowers later than 
ft-10 ftip1-1 (Table 4), suggesting that other molecules may be affected by FTIP7. 
One good candidate is TSF, a close homolog of FT, which has also been shown to 
travel in the vasculature and function redundantly with FT (Yamaguchi et al., 2005). 






Figure 33. Phylogenetic tree showing FTIP7 homologs and SYTs in Arabidopsis. 
The phylogenetic tree was generated based on the protein alignment of FTIP7, its 









4.6 The function of FTIP7 may represent a conserved mechanism of C2 domain 
proteins in Arabidopsis. 
C2 domains are conserved motifs that could interact with phospholipids and 
modulate many critical intracellular processes, such as membrane trafficking, 
integration of protein interactions, control of protein phosphorylation and so on 
(Clark et al., 1991; Kaibuchi et al., 1989; Miyazaki et al., 1995). In Arabidopsis, C2 
domains are crucial for the proper localization of SYT1 to the plasma membrane 
(Yamazaki et al., 2010). SYT1 regulates the activities of virus movement protein 
through endocytic recycling pathway (Lewis and Lazarowitz, 2010). 
This study shows that another C2 domain protein, FTIP7, regulates flowering time 
through modulation of FT transport. Such a mechanism of protein trafficking is one 
common functional mode of C2 domain proteins. Therefore, in Arabidopsis, the 
function of FTIP7 may represent a conserved mechanism of C2 domain proteins, 

































In the modal plant Arabidopsis, flowering time is tightly regulated by a complex 
genetic network comprising of multiple flowering pathways, including the 
photoperiod pathway, vernalization pathway, thermosensory pathway, autonomous 
pathway and GA pathway (Amasino, 2010; Posé et al., 2011; Srikanth and Schmid, 
2011). These pathways function parallelly as well as cooperatively to integrate 
signals from both external environment and internal development status, and finally 
converge at several floral integrators, such as FT and SOC1 (Simpson and Dean, 
2002). As an important flowering promoter, FT receives signals in leaves and its 
protein travels along the vascular bundles to the shoot apex, where it interacts with 
FD to activate floral meristem identity genes to induce the floral transition (Abe et 
al., 2005; Turck et al., 2008b). The transport of FT from companion cells to the sieve 
elements is regulated by FTIP1, a C2 domain protein that specifically interacts with 
FT in the phloem (Liu et al., 2012). However, how FT unloads from the vascular 
tissues into the SAM is still unclear. 
In this study, we investigated the function of FTIP7, a close homolog of FTIP1, in 
flowering time control. It receives signals from the photoperiod and vernalization 
pathways, and promotes the expression of SOC1 to regulate flowering time. FTIP7 
interacts with FT, and shares similar expression patterns with FT spatially and 
temporally. Further analysis suggests that FTIP7 exhibits its function by modulating 
FT transport from the vasculature into the SAM. Therefore, FT transport is tightly 
regulated by FTIP1 from leaves to the shoot apex, and by FTIP7 from the top part of 
vasculature to the SAM. Besides, GRF8 has been found to enhance the interaction 
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between FT and FTIP7, and has great impact on the protein distribution patterns of 
FT and FTIP7. However, it needs further research to elucidate the concrete 
mechanisms of GRF8 in integrating the interaction of FT and FTIP7 as well as the 
importance of such integration in mediating FT transport into SAM. 
FTIP7 belongs to the C2 calcium/lipid-binding plant phosphoribosyltransferase 
family. C2 domains have been identified to mediate a broad array of critical 
intracellular processes, including membrane trafficking, the control of protein 
phosphorylation and the generation of second messengers (Nalefski and Falke, 1996). 
However, the precise function of C2 domain proteins during Arabidopsis 
development remains largely unknown. Our study sheds light on the understanding 
of C2 domain proteins that play an indispensable role in mediating plant 
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